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Deoxyribonucleic acid (DNA) is a nucleic acid that 
contains the genetic instructions used in the 
development and functioning of all known living 
organisms and some viruses. The main role of DNA 
molecules is the long-term storage of information. 
DNA is often compared to a set of blueprints or a 
recipe, or a code, since it contains the instructions 
needed to construct other components of cells, such 
as proteins and RNA molecules. The DNA segments 
that carry this genetic information are called genes, 
but other DNA sequences have structural purposes, 
or are involved in regulating the use of this genetic 
information. 

Chemically, DNA consists of two long polymers of 
simple units called nucleotides, with backbones made 
of sugars and phosphate groups joined by ester 
bonds. These two strands run in opposite directions 
to each other and are therefore anti-parallel. 
Attached to each sugar is one of four types of 
molecules called bases. It is the sequence of these 




four bases along the backbone that encodes The structure of part of a dna double 
information. This information is read using the helix 
genetic code, which specifies the sequence of the 

amino acids within proteins. The code is read by copying stretches of DNA into the related 
nucleic acid RNA, in a process called transcription. 

Within cells, DNA is organized into structures called chromosomes. These chromosomes are 
duplicated before cells divide, in a process called DNA replication. Eukaryotic organisms 
(animals, plants, fungi, and protists) store most of their DNA inside the cell nucleus and 
some of their DNA in the mitochondria. Prokaryotes (bacteria and archaea) however, store 
their DNA in the cell's cytoplasm. Within the chromosomes, chromatin proteins such as 
histones compact and organize DNA. These compact structures guide the interactions 
between DNA and other proteins, helping control which parts of the DNA are transcribed. 
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Properties 

DNA is a long polymer made 
from repeating units called 
nucleotides. [1] [2] [3] The DNA 
chain is 22 to 26 Angstroms 
wide (2.2 to 2.6 nanometres), 
and one nucleotide unit is 3.3 A 
(0.33 nm) longJ 4 ^ Although each 
individual repeating unit is very 
small, DNA polymers can be 
very large molecules containing 
millions of nucleotides. For 
instance, the largest human 
chromosome, chromosome 
number \, is approximately 220 
million base pairs longJ 5 ^ 
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The chemical structure of DNA. Hydrogen bonds are shown as 
dotted lines. 



In living organisms, DNA does 
not usually exist as a single 
molecule, but instead as a pair 
of molecules that are held 
tightly together.^ ^ These two 
long strands entwine like vines, 
in the shape of a double helix. 
The nucleotide repeats contain 
both the segment of the 
backbone of the molecule, 

which holds the chain together, and a base, which interacts with the other DNA strand in 
the helix. In general, a base linked to a sugar is called a nucleoside and a base linked to a 
sugar and one or more phosphate groups is called a nucleotide. If multiple nucleotides are 
linked together, as in DNA, this polymer is called a polynucleotide.^ 

The backbone of the DNA strand is made from alternating phosphate and sugar residues.^ 
The sugar in DNA is 2-deoxyribose, which is a pentose (five-carbon) sugar. The sugars are 
joined together by phosphate groups that form phosphodiester bonds between the third and 
fifth carbon atoms of adjacent sugar rings. These asymmetric bonds mean a strand of DNA 
has a direction. In a double helix the direction of the nucleotides in one strand is opposite 
to their direction in the other strand. This arrangement of DNA strands is called 
antiparallel. The asymmetric ends of DNA strands are referred to as the 5' (five prime) and 
3' (three prime) ends, with the 5' end being that with a terminal phosphate group and the 3' 
end that with a terminal hydroxyl group. One of the major differences between DNA and 
RNA is the sugar, with 2-deoxyribose being replaced by the alternative pentose sugar 
ribose in RNA. [7] 

The DNA double helix is stabilized by hydrogen bonds between the bases attached to the 
two strands. The four bases found in DNA are adenine (abbreviated A), cytosine (C), 
guanine (G) and thymine (T). These four bases are attached to the sugar/phosphate to form 
the complete nucleotide, as shown for adenosine monophosphate. 
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These bases are classified into two types; adenine and guanine are fused five- and 
six-membered heterocyclic compounds called purines, while cytosine and thymine are 
six-membered rings called pyrimidines.^ A fifth pyrimidine base, called uracil (U), usually 
takes the place of thymine in RNA and differs from thymine by lacking a methyl group on its 
ring. Uracil is not usually found in DNA, occurring only as a breakdown product of cytosine. 



Grooves 



Twin helical strands form the DNA backbone. Another 
double helix may be found by tracing the spaces, or 
grooves, between the strands. These voids are adjacent 
to the base pairs and may provide a binding site. As the 
strands are not directly opposite each other, the 
grooves are unequally sized. One groove, the major 
groove, is 22 A wide and the other, the minor groove, is 
12 A wideJ 11 ^ The narrowness of the minor groove 
means that the edges of the bases are more accessible 
in the major groove. As a result, proteins like 
transcription factors that can bind to specific sequences 
in double-stranded DNA usually make contacts to the 
sides of the bases exposed in the major grooveJ 12 ^ This 
situation varies in unusual conformations of DNA within 
the cell (see below), but the major and minor grooves 
are always named to reflect the differences in size that 
would be seen if the DNA is twisted back into the 
ordinary B form. 

Base pairing 




Structure of a section of DNA. The 
bases lie horizontally between the two 

spiraling strands.'" Animated 
version at File: DNA orbit animated.gif 
- over 3 megabytes. 



Each type of base on one strand forms a bond with just 
one type of base on the other strand. This is called 
complementary base pairing. Here, purines form 

hydrogen bonds to pyrimidines, with A bonding only to T, and C bonding only to G. This 
arrangement of two nucleotides binding together across the double helix is called a base 
pair. As hydrogen bonds are not covalent, they can be broken and rejoined relatively easily. 
The two strands of DNA in a double helix can therefore be pulled apart like a zipper, either 
by a mechanical force or high temperature^ 13 ^ As a result of this complementarity, all the 
information in the double-stranded sequence of a DNA helix is duplicated on each strand, 
which is vital in DNA replication. Indeed, this reversible and specific interaction between 
complementary base pairs is critical for all the functions of DNA in living organisms 
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Adenine Thymine 



Top, a GC base pair with three hydrogen bonds. Bottom, an AT base pair with two 
hydrogen bonds. Non-covalent hydrogen bonds between the pairs are shown as dashed 
lines. 

The two types of base pairs form different numbers of hydrogen bonds, AT forming two 
hydrogen bonds, and GC forming three hydrogen bonds (see figures, left). DNA with high 
GC-content is more stable than DNA with low GC-content, but contrary to popular belief, 
this is not due to the extra hydrogen bond of a GC basepair but rather the contribution of 
stacking interactions (hydrogen bonding merely provides specificity of the pairing, not 
stability) J 14 ^ As a result, it is both the percentage of GC base pairs and the overall length of 
a DNA double helix that determine the strength of the association between the two strands 
of DNA. Long DNA helices with a high GC content have stronger-interacting strands, while 
short helices with high AT content have weaker-interacting strandsJ 15 ^ In biology, parts of 
the DNA double helix that need to separate easily, such as the TATAAT Pribnow box in 
some promoters, tend to have a high AT content, making the strands easier to pull apartJ 16 ^ 
In the laboratory, the strength of this interaction can be measured by finding the 
temperature required to break the hydrogen bonds, their melting temperature (also called 
T m value). When all the base pairs in a DNA double helix melt, the strands separate and 
exist in solution as two entirely independent molecules. These single-stranded DNA 
molecules have no single common shape, but some conformations are more stable than 
others. [17] 
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Sense and antisense 

A DNA sequence is called "sense" if its sequence is the same as that of a messenger RNA 
copy that is translated into proteinJ 18 ^ The sequence on the opposite strand is called the 
"antisense" sequence. Both sense and antisense sequences can exist on different parts of 
the same strand of DNA (i.e. both strands contain both sense and antisense sequences). In 
both prokaryotes and eukaryotes, antisense RNA sequences are produced, but the functions 
of these RNAs are not entirely clearJ 19 ^ One proposal is that antisense RNAs are involved in 
regulating gene expression through RNA-RNA base pairingJ 20 ^ 

A few DNA sequences in prokaryotes and eukaryotes, and more in plasmids and viruses, 
blur the distinction between sense and antisense strands by having overlapping genesJ 21 ^ 
In these cases, some DNA sequences do double duty, encoding one protein when read along 
one strand, and a second protein when read in the opposite direction along the other 
strand. In bacteria, this overlap may be involved in the regulation of gene transcription,^ 22 ^ 
while in viruses, overlapping genes increase the amount of information that can be encoded 
within the small viral genome J 23 ^ 

Supercoiling 

DNA can be twisted like a rope in a process called DNA supercoiling. With DNA in its 
"relaxed" state, a strand usually circles the axis of the double helix once every 10.4 base 
pairs, but if the DNA is twisted the strands become more tightly or more loosely woundJ 24 ^ 
If the DNA is twisted in the direction of the helix, this is positive supercoiling, and the bases 
are held more tightly together. If they are twisted in the opposite direction, this is negative 
supercoiling, and the bases come apart more easily. In nature, most DNA has slight 
negative supercoiling that is introduced by enzymes called topoisomerasesJ 25 ^ These 
enzymes are also needed to relieve the twisting stresses introduced into DNA strands 
during processes such as transcription and DNA replication.^ 26 ^ 

Alternate DNA structures 

DNA exists in many possible 
conformations that include A-DNA, 
B-DNA, and Z-DNA forms, although, 
only B-DNA and Z-DNA have been 
directly observed in functional 
organisms.^ The conformation that 
DNA adopts depends on the 
hydration level, DNA sequence, the 
amount and direction of 
supercoiling, chemical modifications 

of the bases, the type and From left tQ right the structures of A/ B and z DNA 

concentration of metal ions, as well 
as the presence of polyamines in solutionJ 27 ^ 
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A-DNA B-DNA 



Gallery Fig.l. X-ray diffraction patterns of A- and B- DNA: the much lower quality of the B- 
DNA form X-ray pattern — with only a few 'Bragg diffraction 1 orders — shows why its 
analysis requires the -» paracrystal model approach. (X-ray images are courtesy of Dr. H. R. 
Wilson, F.R.S}. 

The first published reports of A-DNA X-ray diffraction patterns— and also B-DNA used 
analyses based on Patterson transforms that provided only a limited amount of structural 
information for oriented fibers of DNA^ 28 ^ ^ 29 ^ An alternate analysis was then proposed by 
Wilkins et al., in 1953, for the in vivo B-DNA X-ray diffraction/scattering patterns of highly 
hydrated DNA fibers in terms of squares of Bessel functionsJ 30 ^ In the same journal, 
Watson and Crick presented their -» molecular modeling analysis of the DNA X-ray 
diffraction patterns to suggest that the structure was a double-helix 

Although the "B-DNA form 1 is most common under the conditions found in cells,^ 31 ^ it is not 
a well-defined conformation but a family of related DNA conformations^ 32 ^ that occur at the 
high hydration levels present in living cells. Their corresponding X-ray diffraction and 
scattering patterns are characteristic of molecular -> paracrystals with a significant degree 
ofdisorder. [33] [34] 

Compared to B-DNA, the A-DNA form is a wider right-handed spiral, with a shallow, wide 
minor groove and a narrower, deeper major groove. The A form occurs under 
non-physiological conditions in partially dehydrated samples of DNA, while in the cell it 
may be produced in hybrid pairings of DNA and RNA strands, as well as in enzyme-DNA 
complexesJ 35 ^ ^ 36 ^ Segments of DNA where the bases have been chemically modified by 
methylation may undergo a larger change in conformation and adopt the Z form. Here, the 
strands turn about the helical axis in a left-handed spiral, the opposite of the more common 
B formJ 37 ^ These unusual structures can be recognized by specific Z-DNA binding proteins 
and may be involved in the regulation of transcription.^ 38 ^ 
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Structure of a DNA quadruplex formed by telomere repeats. The 

looped conformation of the DNA backbone is very different from 

[39] 

the typical helical structure. 



Quadruplex structures 

At the ends of the linear 
chromosomes are specialized 
regions of DNA called telomeres. 
The main function of these regions 
is to allow the cell to replicate 
chromosome ends using the 
enzyme telomerase, as the 
enzymes that normally replicate 
DNA cannot copy the extreme 3' 
ends of chromosomes.^ 40 ^ These 
specialized chromosome caps also 
help protect the DNA ends, and 
stop the DNA repair systems in the 
cell from treating them as damage 
to be correctedJ 41 ^ In human cells, 
telomeres are usually lengths of 
single-stranded DNA containing 
several thousand repeats of a 
simple TTAGGG sequence. [42] 



These guanine-rich sequences may stabilize chromosome ends by forming structures of 
stacked sets of four-base units, rather than the usual base pairs found in other DNA 
molecules. Here, four guanine bases form a flat plate and these flat four-base units then 
stack on top of each other, to form a stable G-quadruplex structureJ 43 ^ These structures are 
stabilized by hydrogen bonding between the edges of the bases and chelation of a metal ion 
in the centre of each four-base unitJ 44 ^ Other structures can also be formed, with the 
central set of four bases coming from either a single strand folded around the bases, or 
several different parallel strands, each contributing one base to the central structure. 

In addition to these stacked structures, telomeres also form large loop structures called 
telomere loops, or T-loops. Here, the single-stranded DNA curls around in a long circle 
stabilized by telomere-binding proteinsJ 45 ^ At the very end of the T-loop, the 
single-stranded telomere DNA is held onto a region of double-stranded DNA by the 
telomere strand disrupting the double-helical DNA and base pairing to one of the two 
strands. This triple-stranded structure is called a displacement loop or D-loopJ 43 ^ 



Branched DNA 

In DNA fraying occurs when non-complementary regions exist at the end of an otherwise 
complementary double-strand of DNA. However, branched DNA can occur if a third strand 
of DNA is introduced and contains adjoining regions able to hybridize with the frayed 
regions of the pre-existing double-strand. Although the simplest example of branched DNA 
involves only three strands of DNA, complexes involving additional strands and multiple 
branches are also possibleJ 46 ^ 
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A DNA structure with multiple branches. 



Chemical modifications 
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Structure of cytosine with and without the 5-methyl group. After deamination the 
5-methylcytosine has the same structure as thymine 



Base modifications 

The expression of genes is influenced by how the DNA is packaged in chromosomes, in a 
structure called chromatin. Base modifications can be involved in packaging, with regions 
that have low or no gene expression usually containing high levels of methylation of 
cytosine bases. For example, cytosine methylation, produces 5-methylcytosine, which is 
important for X-chromosome inactivationJ 47 ^ The average level of methylation varies 
between organisms - the worm Caenorhabditis elegans lacks cytosine methylation, while 
vertebrates have higher levels, with up to 1% of their DNA containing 5-methylcytosine J 48 ^ 
Despite the importance of 5-methylcytosine, it can deaminate to leave a thymine base, 
methylated cytosines are therefore particularly prone to mutations J 49 ^ Other base 
modifications include adenine methylation in bacteria, the presence of 
5-hydroxymethylcytosine in the brain,^ 50 ^ and the glycosylation of uracil to produce the 
"J-base" in kinetoplastids. [51] [52] 
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Damage 



DNA can be damaged by many different 
sorts of mutagens, which change the DNA 
sequence. Mutagens include oxidizing 
agents, alkylating agents and also 
high-energy electromagnetic radiation such 
as ultraviolet light and X-rays. The type of 
DNA damage produced depends on the 
type of mutagen. For example, UV light can 
damage DNA by producing thymine dimers, 
which are cross-links between pyrimidine 
basesJ 54 ^ On the other hand, oxidants such 
as free radicals or hydrogen peroxide 
produce multiple forms of damage, 
including base modifications, particularly of 
guanosine, and double-strand breaksJ 55 ^ A 
typical human cell contains about 150,000 
bases that have suffered oxidative 
damageJ 56 ^ Of these oxidative lesions, the 
most dangerous are double-strand breaks, 
as these are difficult to repair and can 
produce point mutations, insertions and 
deletions from the DNA sequence, as well 
as chromosomal translocations.^ 57 ^ 




A covalent adduct between benzo[a]pyrene, the major 
mutagen in tobacco smoke, and DNA^^ 



Many mutagens fit into the space between two adjacent base pairs, this is called 
intercalating. Most intercalators are aromatic and planar molecules, and include Ethidium 
bromide, daunomycin, and doxorubicin. In order for an intercalator to fit between base 
pairs, the bases must separate, distorting the DNA strands by unwinding of the double 
helix. This inhibits both transcription and DNA replication, causing toxicity and mutations. 
As a result, DNA intercalators are often carcinogens, and Benzo[a]pyrene diol epoxide, 
acridines, aflatoxin and ethidium bromide are well-known examplesJ 58 ^ ^ 59 ^ ^ 60 ^ 
Nevertheless, due to their ability to inhibit DNA transcription and replication, other similar 
toxins are also used in chemotherapy to inhibit rapidly growing cancer cellsJ 61 ^ 



Biological functions 

DNA usually occurs as linear chromosomes in eukaryotes, and circular chromosomes in 
prokaryotes. The set of chromosomes in a cell makes up its genome; the human genome has 
approximately 3 billion base pairs of DNA arranged into 46 chromosomes.^ 62 ^ The 
information carried by DNA is held in the sequence of pieces of DNA called genes. 
Transmission of genetic information in genes is achieved via complementary base pairing. 
For example, in transcription, when a cell uses the information in a gene, the DNA 
sequence is copied into a complementary RNA sequence through the attraction between 
the DNA and the correct RNA nucleotides. Usually, this RNA copy is then used to make a 
matching protein sequence in a process called translation which depends on the same 
interaction between RNA nucleotides. Alternatively, a cell may simply copy its genetic 
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information in a process called DNA replication. The details of these functions are covered 
in other articles; here we focus on the interactions between DNA and other molecules that 
mediate the function of the genome. 

Genes and genomes 

Genomic DNA is located in the cell nucleus of eukaryotes, as well as small amounts in 
mitochondria and chloroplasts. In prokaryotes, the DNA is held within an irregularly shaped 
body in the cytoplasm called the nucleoidJ 63 ^ The genetic information in a genome is held 
within genes, and the complete set of this information in an organism is called its genotype. 
A gene is a unit of heredity and is a region of DNA that influences a particular 
characteristic in an organism. Genes contain an open reading frame that can be 
transcribed, as well as regulatory sequences such as promoters and enhancers, which 
control the transcription of the open reading frame. 

In many species, only a small fraction of the total sequence of the genome encodes protein. 
For example, only about 1.5% of the human genome consists of protein-coding exons, with 
over 50% of human DNA consisting of non-coding repetitive sequences J 64 ^ The reasons for 
the presence of so much non-coding DNA in eukaryotic genomes and the extraordinary 
differences in genome size, or C-value, among species represent a long-standing puzzle 
known as the "C-value enigma. "^ 65 ^ However, DNA sequences that do not code protein may 
still encode functional non-coding RNA molecules, which are involved in the regulation of 
gene expressions 66 ^ 

Some non-coding DNA sequences 
play structural roles in 
chromosomes. Telomeres and 
centromeres typically contain few 
genes, but are important for the 
function and stability of 
chromosomes.^ 41 ^ ^ 68 ^ An abundant 
form of non-coding DNA in humans 
are pseudogenes, which are copies 
of genes that have been disabled 
by mutation J 69 ^ These sequences 
are usually just molecular fossils, 
although they can occasionally 
serve as raw genetic material for 
the creation of new genes through 
the process of gene duplication 




Transcription and translation 

A gene is a sequence of DNA that contains genetic information and can influence the 
phenotype of an organism. Within a gene, the sequence of bases along a DNA strand 
defines a messenger RNA sequence, which then defines one or more protein sequences. 
The relationship between the nucleotide sequences of genes and the amino-acid sequences 
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of proteins is determined by the rules of translation, known collectively as the genetic code. 
The genetic code consists of three-letter 'words' called codons formed from a sequence of 
three nucleotides (e.g. ACT, CAG, TTT). 

In transcription, the codons of a gene are copied into messenger RNA by RNA polymerase. 
This RNA copy is then decoded by a ribosome that reads the RNA sequence by base-pairing 
the messenger RNA to transfer RNA, which carries amino acids. Since there are 4 bases in 
3-letter combinations, there are 64 possible codons ( 4 J combinations). These encode the 
twenty standard amino acids, giving most amino acids more than one possible codon. There 
are also three 'stop' or 'nonsense' codons signifying the end of the coding region; these are 
the TAA, TGA and TAG codons. 

Replication 

Cell division is essential for an 
organism to grow, but when a 
cell divides it must replicate 
the DNA in its genome so that 
the two daughter cells have 
the same genetic information 
as their parent. The 
double-stranded structure of 
DNA provides a simple 
mechanism for DNA 
replication. Here, the two 
strands are separated and 
then each strand's 

complementary DNA sequence 
is recreated by an enzyme called DNA polymerase. This enzyme makes the complementary 
strand by finding the correct base through complementary base pairing, and bonding it 
onto the original strand. As DNA polymerases can only extend a DNA strand in a 5' to 3' 
direction, different mechanisms are used to copy the antiparallel strands of the double 
helix. [71] In this way, the base on the old strand dictates which base appears on the new 
strand, and the cell ends up with a perfect copy of its DNA. 

Interactions with proteins 

All the functions of DNA depend on interactions with proteins. These protein interactions 
can be non-specific, or the protein can bind specifically to a single DNA sequence. Enzymes 
can also bind to DNA and of these, the polymerases that copy the DNA base sequence in 
transcription and DNA replication are particularly important. 




Binding proteins 

DNA replication. The double helix is unwound by a helicase and 
topoisomerase. Next, one DNA polymerase produces the leading 
strand copy. Another DNA polymerase binds to the lagging strand. 
This enzyme makes discontinuous segments (called Okazaki 
fragments) before DNA ligase joins them together. 
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DNA-binding proteins 



Interaction of DNA with histones (shown in white, top). These proteins' basic amino acids 
(below left, blue) bind to the acidic phosphate groups on DNA (below right, red). 

Structural proteins that bind DNA are well-understood examples of non-specific 
DNA-protein interactions. Within chromosomes, DNA is held in complexes with structural 
proteins. These proteins organize the DNA into a compact structure called chromatin. In 
eukaryotes this structure involves DNA binding to a complex of small basic proteins called 
histones, while in prokaryotes multiple types of proteins are involvedJ 72 ^ ^ 73 ^ The histones 
form a disk-shaped complex called a nucleosome, which contains two complete turns of 
double-stranded DNA wrapped around its surface. These non-specific interactions are 
formed through basic residues in the histones making ionic bonds to the acidic 
sugar-phosphate backbone of the DNA, and are therefore largely independent of the base 
sequenceJ 74 ^ Chemical modifications of these basic amino acid residues include 
methylation, phosphorylation and acetylationJ 75 ^ These chemical changes alter the strength 
of the interaction between the DNA and the histones, making the DNA more or less 
accessible to transcription factors and changing the rate of transcription.^ 76 ^ Other 
non-specific DNA-binding proteins in chromatin include the high-mobility group proteins, 
which bind to bent or distorted DNA^ 77 ^ These proteins are important in bending arrays of 
nucleosomes and arranging them into the larger structures that make up chromosomes.^ 78 ^ 

A distinct group of DNA-binding proteins are the DNA-binding proteins that specifically 
bind single-stranded DNA. In humans, replication protein A is the best-understood member 
of this family and is used in processes where the double helix is separated, including DNA 
replication, recombination and DNA repair J 79 ^ These binding proteins seem to stabilize 
single-stranded DNA and protect it from forming stem-loops or being degraded by 
nucleases. 
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In contrast, other proteins have evolved to bind to 
particular DNA sequences. The most intensively 
studied of these are the various transcription factors, 
which are proteins that regulate transcription. Each 
transcription factor binds to one particular set of DNA 
sequences and activates or inhibits the transcription of 
genes that have these sequences close to their 
promoters. The transcription factors do this in two 
ways. Firstly, they can bind the RNA polymerase 
responsible for transcription, either directly or through 
other mediator proteins; this locates the polymerase at 
the promoter and allows it to begin transcription } 8 ^ 
Alternatively, transcription factors can bind enzymes 
that modify the histones at the promoter; this will 
change the accessibility of the DNA template to the 
polymerases 82 ^ 

As these DNA targets can occur throughout an 
organism's genome, changes in the activity of one type 
of transcription factor can affect thousands of 
genesJ 83 ^ Consequently, these proteins are often the 

targets of the signal transduction processes that control responses to environmental 
changes or cellular differentiation and development. The specificity of these transcription 
factors' interactions with DNA come from the proteins making multiple contacts to the 
edges of the DNA bases, allowing them to "read" the DNA sequence. Most of these 




The lambda repressor helix-turn-helix 
transcription factor bound to its DNA 
target'" 8 ^ 



base-interactions are made in the major groove, where the bases are most accessible. 



[84] 




DNA- modifying enzymes 



Nucleases and ligases 

Nucleases are enzymes that cut DNA 
strands by catalyzing the hydrolysis of the 
phosphodiester bonds. Nucleases that 
hydrolyse nucleotides from the ends of 
DNA strands are called exonucleases, 
while endonucleases cut within strands. 
The most frequently used nucleases in 
molecular biology are the restriction 
endonucleases, which cut DNA at specific 
sequences. For instance, the EcoRV 
enzyme shown to the left recognizes the 
6-base sequence 5'-GAT|ATC-3' and makes a cut at the vertical line. In nature, these 
enzymes protect bacteria against phage infection by digesting the phage DNA when it 
enters the bacterial cell, acting as part of the restriction modification systemJ 86 ^ In 
technology, these sequence-specific nucleases are used in molecular cloning and DNA 
fingerprinting. 



The restriction enzyme EcoRV (green) in a complex 



with its substrate DNA 
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Enzymes called DNA ligases can rejoin cut or broken DNA strandsJ 87 ^ Ligases are 
particularly important in lagging strand DNA replication, as they join together the short 
segments of DNA produced at the replication fork into a complete copy of the DNA 
template. They are also used in DNA repair and genetic recombination.^ 87 ^ 

Topoisomerases and helicases 

Topoisomerases are enzymes with both nuclease and ligase activity. These proteins change 
the amount of supercoiling in DNA. Some of these enzyme work by cutting the DNA helix 
and allowing one section to rotate, thereby reducing its level of supercoiling; the enzyme 
then seals the DNA breakJ 25 ^ Other types of these enzymes are capable of cutting one DNA 
helix and then passing a second strand of DNA through this break, before rejoining the 
helix J 88 ^ Topoisomerases are required for many processes involving DNA, such as DNA 
replication and transcription.^ 26 ^ 

Helicases are proteins that are a type of molecular motor. They use the chemical energy in 
nucleoside triphosphates, predominantly ATP, to break hydrogen bonds between bases and 
unwind the DNA double helix into single strandsJ 89 ^ These enzymes are essential for most 
processes where enzymes need to access the DNA bases. 

Polymerases 

Polymerases are enzymes that synthesize polynucleotide chains from nucleoside 
triphosphates. The sequence of their products are copies of existing polynucleotide chains - 
which are called templates. These enzymes function by adding nucleotides onto the 3' 
hydroxyl group of the previous nucleotide in a DNA strand. Consequently, all polymerases 
work in a 5' to 3' directionJ 90 ^ In the active site of these enzymes, the incoming nucleoside 
triphosphate base-pairs to the template: this allows polymerases to accurately synthesize 
the complementary strand of their template. Polymerases are classified according to the 
type of template that they use. 

In DNA replication, a DNA-dependent DNA polymerase makes a copy of a DNA sequence. 
Accuracy is vital in this process, so many of these polymerases have a proofreading activity. 
Here, the polymerase recognizes the occasional mistakes in the synthesis reaction by the 
lack of base pairing between the mismatched nucleotides. If a mismatch is detected, a 3' to 
5' exonuclease activity is activated and the incorrect base removedJ 91 ^ In most organisms 
DNA polymerases function in a large complex called the replisome that contains multiple 
accessory subunits, such as the DNA clamp or helicases J 92 ^ 

RNA-dependent DNA polymerases are a specialized class of polymerases that copy the 
sequence of an RNA strand into DNA. They include reverse transcriptase, which is a viral 
enzyme involved in the infection of cells by retroviruses, and telomerase, which is required 
for the replication of telomeres.^ ^ 93 ^ Telomerase is an unusual polymerase because it 
contains its own RNA template as part of its structure J 41 ^ 

Transcription is carried out by a DNA-dependent RNA polymerase that copies the sequence 
of a DNA strand into RNA. To begin transcribing a gene, the RNA polymerase binds to a 
sequence of DNA called a promoter and separates the DNA strands. It then copies the gene 
sequence into a messenger RNA transcript until it reaches a region of DNA called the 
terminator, where it halts and detaches from the DNA. As with human DNA-dependent DNA 
polymerases, RNA polymerase II, the enzyme that transcribes most of the genes in the 
human genome, operates as part of a large protein complex with multiple regulatory and 
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accessory subunitsJ 94 ^ 



Genetic recombination 





Structure of the Holliday junction intermediate in genetic recombination. The four separate 
DNA strands are coloured red, blue, green and yellowJ 95 ^ 

A DNA helix usually does not interact with 
other segments of DNA, and in human cells 
the different chromosomes even occupy 
separate areas in the nucleus called 
"chromosome territories".^ 96 ^ This physical 
separation of different chromosomes is 
important for the ability of DNA to function 
as a stable repository for information, as 
one of the few times chromosomes interact 
is during chromosomal crossover when 
they recombine. Chromosomal crossover is 
when two DNA helices break, swap a 
section and then rejoin. 
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Recombination involves the breakage and rejoining of 
two chromosomes (M and F) to produce two 
re-arranged chromosomes (CI and C2). 



Recombination allows chromosomes to exchange genetic information and produces new 
combinations of genes, which increases the efficiency of natural selection and can be 
important in the rapid evolution of new proteinsJ 97 ^ Genetic recombination can also be 
involved in DNA repair, particularly in the cell's response to double-strand breaksJ 98 ^ 

The most common form of chromosomal crossover is homologous recombination, where the 
two chromosomes involved share very similar sequences. Non-homologous recombination 
can be damaging to cells, as it can produce chromosomal translocations and genetic 
abnormalities. The recombination reaction is catalyzed by enzymes known as recombinases, 
such as RAD51 } 99 ^ The first step in recombination is a double-stranded break either caused 
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by an endonuclease or damage to the DNA. J A series of steps catalyzed in part by the 
recombinase then leads to joining of the two helices by at least one Holliday junction, in 
which a segment of a single strand in each helix is annealed to the complementary strand in 
the other helix. The Holliday junction is a tetrahedral junction structure that can be moved 
along the pair of chromosomes, swapping one strand for another. The recombination 
reaction is then halted by cleavage of the junction and re-ligation of the released DNA^ 101 ^ 



Evolution 

DNA contains the genetic information that allows all modern living things to function, grow 
and reproduce. However, it is unclear how long in the 4-billion-year history of life DNA has 
performed this function, as it has been proposed that the earliest forms of life may have 
used RNA as their genetic materialJ 90 ^ ^ 102 ^ RNA may have acted as the central part of early 
cell metabolism as it can both transmit genetic information and carry out catalysis as part 
of ribozymesJ 103 ^ This ancient RNA world where nucleic acid would have been used for 
both catalysis and genetics may have influenced the evolution of the current genetic code 
based on four nucleotide bases. This would occur since the number of unique bases in such 
an organism is a trade-off between a small number of bases increasing replication accuracy 
and a large number of bases increasing the catalytic efficiency of ribozymesJ 104 ^ 

Unfortunately, there is no direct evidence of ancient genetic systems, as recovery of DNA 
from most fossils is impossible. This is because DNA will survive in the environment for less 
than one million years and slowly degrades into short fragments in solutionJ 105 ^ Claims for 
older DNA have been made, most notably a report of the isolation of a viable bacterium 
from a salt crystal 250-million years old,^ 106 ^ but these claims are controversial^ 107 ^ ^ 108 ^ 



Uses in technology 

Genetic engineering 

Methods have been developed to purify DNA from organisms, such as phenol-chloroform 
extraction and manipulate it in the laboratory, such as restriction digests and the 
polymerase chain reaction. Modern biology and biochemistry make intensive use of these 
techniques in recombinant DNA technology. Recombinant DNA is a man-made DNA 
sequence that has been assembled from other DNA sequences. They can be transformed 
into organisms in the form of plasmids or in the appropriate format, by using a viral 
vector } 109 ^ The genetically modified organisms produced can be used to produce products 
such as recombinant proteins, used in medical research,^ 110 ^ or be grown in agriculture J 11 ^ 

[112] 



Forensics 

Forensic scientists can use DNA in blood, semen, skin, saliva or hair found at a crime scene 
to identify a matching DNA of an individual, such as a perpetrator. This process is called 
genetic fingerprinting, or more accurately, DNA profiling. In DNA profiling, the lengths of 
variable sections of repetitive DNA, such as short tandem repeats and minisatellites, are 
compared between people. This method is usually an extremely reliable technique for 
identifying a matching DNaJ 113 ^ However, identification can be complicated if the scene is 
contaminated with DNA from several people J 114 ^ DNA profiling was developed in 1984 by 
British geneticist Sir Alec Jeffreys,^ 1 15 ^ and first used in forensic science to convict Colin 
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Pitchfork in the 1988 Enderby murders case. J 

People convicted of certain types of crimes may be required to provide a sample of DNA for 
a database. This has helped investigators solve old cases where only a DNA sample was 
obtained from the scene. DNA profiling can also be used to identify victims of mass casualty 
incidentsJ 117 ^ On the other hand, many convicted people have been released from prison on 
the basis of DNA techniques, which were not available when a crime had originally been 
committed. 



Bioinformatics 

Bioinformatics involves the manipulation, searching, and data mining of DNA sequence 
data. The development of techniques to store and search DNA sequences have led to widely 
applied advances in computer science, especially string searching algorithms, machine 
learning and database theoryJ 118 ^ String searching or matching algorithms, which find an 
occurrence of a sequence of letters inside a larger sequence of letters, were developed to 
search for specific sequences of nucleotides^ 119 ^ In other applications such as text editors, 
even simple algorithms for this problem usually suffice, but DNA sequences cause these 
algorithms to exhibit near-worst-case behaviour due to their small number of distinct 
characters. The related problem of sequence alignment aims to identify homologous 
sequences and locate the specific mutations that make them distinct. These techniques, 
especially multiple sequence alignment, are used in studying phylogenetic relationships and 
protein functionJ 120 ^ Data sets representing entire genomes' worth of DNA sequences, such 
as those produced by the Human Genome Project, are difficult to use without annotations, 
which label the locations of genes and regulatory elements on each chromosome. Regions 
of DNA sequence that have the characteristic patterns associated with protein- or 
RNA-coding genes can be identified by gene finding algorithms, which allow researchers to 
predict the presence of particular gene products in an organism even before they have been 
isolated experimentally^ 121 ^ 



DNA nanotechnology 



DNA nanotechnology uses the 
unique molecular recognition 
properties of DNA and other 
nucleic acids to create 
self-assembling branched DNA 
complexes with useful 
properties. [123] DNA is thus 
used as a structural material 
rather than as a carrier of 
biological information. This 
has led to the creation of 
two-dimensional periodic 
lattices (both tile-based as well 
as using the "DNA origami" 
method) as well as 




The DNA structure at left (schematic shown) will self-assemble into 
the structure visualized by -> atomic force microscopy at right. -> DNA 
nanotechnology is the field which seeks to design nanoscale structures 

using the molecular recognition properties of DNA molecules. Image 
from Strong, 2004.[122] 
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three-dimensional structures in the shapes of polyhedraJ 124 ^ Nanomechanical devices and 
-» algorithmic self-assembly have also been demonstrated,^ 125 ^ and these DNA structures 
have been used to template the arrangement of other molecules such as gold nanoparticles 
and streptavidin proteins. [126] 

History and anthropology 

Because DNA collects mutations over time, which are then inherited, it contains historical 
information and by comparing DNA sequences, geneticists can infer the evolutionary 
history of organisms, their phylogenyJ 127 ^ This field of phylogenetics is a powerful tool in 
evolutionary biology. If DNA sequences within a species are compared, population 
geneticists can learn the history of particular populations. This can be used in studies 
ranging from ecological genetics to anthropology; for example, DNA evidence is being used 
to try to identify the Ten Lost Tribes of Israel. [128] [129] 

DNA has also been used to look at modern family relationships, such as establishing family 
relationships between the descendants of Sally Hemings and Thomas Jefferson. This usage 
is closely related to the use of DNA in criminal investigations detailed above. Indeed, some 
criminal investigations have been solved when DNA from crime scenes has matched 
relatives of the guilty individuals 130 ^ 

History of DNA research 

DNA was first isolated by the Swiss physician Friedrich Miescher who, in 1869, discovered 
a microscopic substance in the pus of discarded surgical bandages. As it resided in the 
nuclei of cells, he called it "nuclein" } 131 ^ in 1919, Phoebus Levene identified the base, 
sugar and phosphate nucleotide unitJ 132 ^ Levene suggested that DNA consisted of a string 
of nucleotide units linked together through the phosphate groups. However, Levene 
thought the chain was short and the bases repeated in a fixed order. In 1937 William 
Astbury produced the first X-ray diffraction patterns that showed that DNA had a regular 
structure J 1 33 ^ 

In 1928, Frederick Griffith discovered that traits of the "smooth" form of the Pneumococcus 
could be transferred to the "rough" form of the same bacteria by mixing killed "smooth" 
bacteria with the live "rough" formJ 134 ^ This system provided the first clear suggestion that 
DNA carried genetic information— the Avery-MacLeod-McCarty experiment— when Oswald 
Avery, along with coworkers Colin MacLeod and Maclyn McCarty, identified DNA as the 
transforming principle in 1943J 135 ^ DNA's role in heredity was confirmed in 1952, when 
Alfred Hershey and Martha Chase in the Hershey-Chase experiment showed that DNA is 
the genetic material of the T2 phage J 136 ^ 
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DNA Helix controversy 



Raymond Gosling 



In 1953 James D. Watson and Francis Crick suggested what is now accepted as the first 
correct double-helix model of DNA structure in the journal Nature} 6 ^ Their double-helix, 
molecular model of DNA was then based on a single X-ray diffraction image (labeled as 
"Photo 51 ")^ 137 ^ taken by Rosalind Franklin and Raymond Gosling in May 1952, as well as 
the information that the DNA bases were paired— also obtained through private 
communications from Erwin Chargaff in the previous years. Chargaffs rules played a very 
important role in establishing double-helix configurations for B-DNA as well as A-DNA. 

Experimental evidence supporting the Watson and Crick model were published in a series 
of five articles in the same issue of Nature} 138 ^ Of these, Franklin and Gosling's paper was 
the first publication of their own X-ray diffraction data and original analysis method that 
partially supported the Watson and Crick model^ 29 ^ ^ 139 ^ ; this issue also contained an article 
on DNA structure by Maurice Wilkins and two of his colleagues, whose analysis and in vivo 
B-DNA X-ray patterns also supported the presence in vivo of the double-helical DNA 
configurations as proposed by Crick and Watson for their double-helix molecular model of 
DNA in the previous two pages of Nature} 30 ^ In 1962, after Franklin's death, Watson, Crick, 
and Wilkins jointly received the Nobel Prize in Physiology or MedicineJ 140 ^ Unfortunately, 
Nobel rules of the time allowed only living recipients, but a vigorous debate continues on 
who should receive credit for the discovery.^ 141 ^ 

In an influential presentation in 1957, Crick laid out the "Central Dogma" of molecular 
biology, which foretold the relationship between DNA, RNA, and proteins, and articulated 
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the "adaptor hypothesis". J Final confirmation of the replication mechanism that was 
implied by the double-helical structure followed in 1958 through the Meselson-Stahl 
experiments 143 ^ Further work by Crick and coworkers showed that the genetic code was 
based on non-overlapping triplets of bases, called codons, allowing Har Gobind Khorana, 
Robert W. Holley and Marshall Warren Nirenberg to decipher the genetic codeJ 144 ^ These 
findings represent the birth of molecular biology. 
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Further reading 

• Calladine, Chris R.; Drew, Horace R.; Luisi, Ben F. and Travers, Andrew A. (2003). 
Understanding DNA: the molecule & how it works. Amsterdam: Elsevier Academic Press. 
ISBN 0-12-155089-3. 
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ISBN 1-4039-1479-6. 
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biology. Plainview, N.Y: CSHL Press. ISBN 0-87969-478-5. 

• Olby, Robert C. (1994). The path to the double helix: the discovery of DNA. New York: 
Dover Publications. ISBN 0-486-68117-3., first published in October 1974 by MacMillan, 
with foreword by Francis Crick; the definitive DNA textbook, revised in 1994 with a 9 page 
postscript. 

• Olby, Robert C. (2009). Francis Crick: A Biography. Plainview, N.Y: Cold Spring Harbor 
Laboratory Press. ISBN 0-87969-798-9. 

• Ridley, Matt (2006). Francis Crick: discoverer of the genetic code. [Ashland, OH: Eminent 
Lives, Atlas Books. ISBN 0-06-082333-X. 

• Berry, Andrew; Watson, James D. (2003). DNA: the secret of life. New York: Alfred A. 
Knopf. ISBN 0-375-41546-7. 

• Stent, Gunther Siegmund; Watson, James D. (1980). The double helix: a personal account 
of the discovery of the structure of DNA. New York: Norton. ISBN 0-393-95075-1. 

• Wilkins, Maurice (2003). The third man of the double helix the autobiography of Maurice 
Wilkins. Cambridge, Eng: University Press. ISBN 0-19-860665-6. 

External links 

• DNA (http://www.dmoz.org/Science/Biology/Biochemistry_and_Molecular_Biology/ 
Biomolecules/Nucleic_Acids/DNA//) at the Open Directory Project 

• DNA binding site prediction on protein (http://pipe.scs.fsu.edu/displar.html) 

• DNA coiling to form chromosomes (http://biostudio.com/c_ education mac. htm) 

• DNA from the Beginning (http://www.dnaftb.org/dnaftb/) Another DNA Learning 
Center site on DNA, genes, and heredity from Mendel to the human genome project. 

• DNA Lab, demonstrates how to extract DNA from wheat using readily available 
equipment and supplies. (http://ca.youtube.com/watch7vHyb7fwduuGM) 

• DNA the Double Helix Game (http://nobelprize.org/educational_games/medicine/ 
dna_double_helix/) From the official Nobel Prize web site 
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• DNA under electron microscope (http://www.fidelitysystems.com/Unlinked_DNA.html) 

• Dolan DNA Learning Center (http://www.dnalc.org/) 

• Double Jelix: 50 years of DNA (http://www.nature.com/nature/dna50/archive.html), 
Nature 

• Double Helix 1953-2003 (http://www.ncbe.reading.ac.uk/DNA50/) National Centre 
for Biotechnology Education 

• Francis Crick and James Watson talking on the BBC in 1962, 1972, and 1974 (http:// 
www.bbc.co.uk/bbcfour/audiointerviews/profilepages/crickwatsonl.shtml) 

• Genetic Education Modules for Teachers (http://www.genome.gov/10506718) — DNA 
from the Beginning Study Guide 

• Guide to DNA cloning (http://www.blackwellpublishing.com/trun/artwork/Animations/ 
cloningexp/cloningexp.html) 

• Olby R (January 2003), 11 Quiet debut for the double helix (http://chem-faculty.ucsd.edu/ 
joseph/CHEM13/DNAl.pdf) M , Nature 421 (6921): 402-5, doi: 10.1038/nature01397 
(http://dx.doi.org/10.1038/nature01397), PMID 12540907, http://chem-faculty.ucsd. 
edu/joseph/CHEM13/DNAl.pdf. 

• PDB Molecule of the Month pdb23_l (http://www.rcsb.org/pdb/static. 
do?p=education_discussion/molecule_of_the_month/pdb23_l . html) 

• Rosalind Franklin's contributions to the study of DNA (http://mason.gmu.edu/ 
~emoody/rf ranklin.html) 

• The Register of Francis Crick Personal Papers 1938 - 2007 (http://orpheus.ucsd.edu/ 
speccoll/testing/html/mss0660a.html#abstract) at Mandeville Special Collections 
Library, Geisel Library, University of California, San Diego 

• The Secret Life of DNA - DNA Music compositions (http://www.tjmitchell.com/stuart/ 
dna.html) 

• U.S. National DNA Day (http://www.genome.gov/10506367) — watch videos and 
participate in real-time chat with top scientists 

• 11 Clue to chemistry of heredity found (http://www.nytimes.com/packages/pdf/science/ 
dna-article.pdf)", The New York Times, Saturday, June 13, 1953, http://www.nytimes. 
com/packages/pdf/science/dna-article.pdf. The first American newspaper coverage of 
the discovery of the DNA structure. 
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Molecular models of DNA 



Molecular models of DNA structures are representations of the molecular geometry and 
topology of Deoxyribonucleic acid (-> DNA) molecules using one of several means, such as: 
closely packed spheres (CPK models) made of plastic, metal wires for 'skeletal models', 
graphic computations and animations by computers, artistic rendering, and so on, with the 
aim of simplifying and presenting the essential, physical and chemical, properties of DNA 
molecular structures either in vivo or in vitro. Computer molecular models also allow 
animations and molecular dynamics simulations that are very important for understanding 
how DNA functions in vivo. Thus, an old standing dynamic problem is how DNA 
"self-replication" takes place in living cells that should involve transient uncoiling of 
supercoiled DNA fibers. Although DNA consists of relatively rigid, very large elongated 
biopolymer molecules called "fibers" or chains (that are made of repeating nucleotide units 
of four basic types, attached to deoxyribose and phosphate groups), its molecular structure 
in vivo undergoes dynamic configuration changes that involve dynamically attached water 
molecules and ions. Supercoiling, packing with histones in chromosome structures, and 
other such supramolecular aspects also involve in vivo DNA topology which is even more 
complex than DNA molecular geometry, thus turning molecular modeling of DNA into an 
especially challenging problem for both molecular biologists and biotechnologists. Like 
other large molecules and biopolymers, DNA often exists in multiple stable geometries (that 
is, it exhibits conformational isomerism) and configurational, quantum states which are 
close to each other in energy on the potential energy surface of the DNA molecule. Such 
geometries can also be computed, at least in principle, by employing ab initio quantum 
chemistry methods that have high accuracy for small molecules. Such quantum geometries 
define an important class of ab initio molecular models of DNA whose exploration has 
barely started. 

In an interesting twist of roles, the DNA molecule itself was proposed to 
be utilized for -> quantum computing. Both DNA nanostructures as well 
as DNA 'computing' biochips have been built (see biochip image at right). 

The more advanced, computer-based molecular models of DNA involve 
molecular dynamics simulations as well as quantum mechanical 
computations of vibro-rotations, delocalized molecular orbitals (MOs), 
electric dipole moments, hydrogen-bonding, and so on. 




DNA computing 
biochip: 3D 
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Importance 

From the very early stages of structural studies of DNA by X-ray 
diffraction and biochemical means, molecular models such as the 
Watson-Crick double-helix model were successfully employed to solve the 
'puzzle' of DNA structure, and also find how the latter relates to its key 
functions in living cells. The first high quality X-ray diffraction patterns 
of A-DNA were reported by Rosalind Franklin and Raymond Gosling in 
1953^ . The first calculations of the Fourier transform of an atomic helix 
were reported one year earlier by Cochran, Crick and Vand ^ , and were 
followed in 1953 by the computation of the Fourier transform of a 
coiled-coil by Crick^ . The first reports of a double-helix molecular 
model of B-DNA structure were made by Watson and Crick in 1953^ ^ . 
Last-but-not-least, Maurice F. Wilkins, A. Stokes and H.R. Wilson, 
reported the first X-ray patterns of in vivo B-DNA in partially oriented 
salmon sperm heads ^ 30 ^ . The development of the first correct 
double-helix molecular model of DNA by Crick and Watson may not have 
been possible without the biochemical evidence for the nucleotide base-pairing ([A— T]; 
[C-G]), or Chargaff s rules [6] [7] [8] [9] [10] . 



Spinning DNA 
generic model. 



Examples of DNA molecular models 

Animated molecular models allow one to visually explore the three-dimensional (3D) 
structure of DNA. The first DNA model is a space-filling, or CPK, model of the DNA 
double-helix whereas the third is an animated wire, or skeletal type, molecular model of 
DNA. The last two DNA molecular models in this series depict quadruplex DNA ^ 12 ^ that 
may be involved in certain cancers^ 13 ^ ^ 14 ^ . The last figure on this panel is a molecular 
model of hydrogen bonds between water molecules in ice that are similar to those found in 
DNA. 
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A-DNA B-DNA 
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Hydrogen 




• Spacefilling models or CPK models - a molecule is represented by overlapping spheres 
representing the atoms. 




Images for DNA Structure Determination from X-Ray 
Patterns 

The following images illustrate both the principles and the main steps involved in 
generating structural information from X-ray diffraction studies of oriented DNA fibers with 
the help of molecular models of DNA that are combined with crystallographic and 
mathematical analysis of the X-ray patterns. From left to right the gallery of images shows: 

• First row: 

• 1. Constructive X-ray interference, or diffraction, following Bragg's Law of X-ray 
"reflection by the crystal planes"; 

• 2. A comparison of A-DNA (crystalline) and highly hydrated B-DNA (paracrystalline) X-ray 
diffraction, and respectively, X-ray scattering patterns (courtesy of Dr. Herbert R. Wilson, 
FRS- see refs. list); 

• 3. Purified DNA precipitated in a water jug; 

• 4. The major steps involved in DNA structure determination by X-ray crystallography 
showing the important role played by molecular models of DNA structure in this iterative, 
structure-determination process; 

• Second row: 

• 5. Photo of a modern X-ray diffractometer employed for recording X-ray patterns of DNA 
with major components: X-ray source, goniometer, sample holder, X-ray detector and/or 
plate holder; 

• 6. Illustrated animation of an X-ray goniometer; 

• 7. X-ray detector at the SLAC synchrotron facility; 

• 8. Neutron scattering facility at ISIS in UK; 

• Third and fourth rows: Molecular models of DNA structure at various scales; figure 
#11 is an actual electron micrograph of a DNA fiber bundle, presumably of a single 
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Paracrystalline lattice models of B-DNA structures 

A -> paracrystalline lattice, or paracrystal, is a molecular or atomic lattice with significant 
amounts (e.g., larger than a few percent) of partial disordering of molecular 
arranegements. Limiting cases of the paracrystal model are nanostructures, such as 
glasses, liquids, etc., that may possess only local ordering and no global order. Liquid 
crystals also have paracrystalline rather than crystalline structures. 
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DNA Helix controversy in 1952 
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Highly hydrated B-DNA occurs naturally in living cells in such a paracrystalline state, which 
is a dynamic one in spite of the relatively rigid DNA double-helix stabilized by parallel 
hydrogen bonds between the nucleotide base-pairs in the two complementary, helical DNA 
chains (see figures). For simplicity most DNA molecular models ommit both water and ions 
dynamically bound to B-DNA, and are thus less useful for understanding the dynamic 
behaviors of B-DNA in vivo. The physical and mathematical analysis of X-ray^ 15 ^ ^ 16 ^ and 
spectroscopic data for paracrystalline B-DNA is therefore much more complicated than that 
of crystalline, A-DNA X-ray diffraction patterns. The paracrystal model is also important for 
DNA technological applications such as -> DNA nanotechnology. Novel techniques that 
combine X-ray diffraction of DNA with X-ray microscopy in hydrated living cells are now 
also being developed (see, for example, "Application of X-ray microscopy in the analysis of 
living hydrated cells" ^ 17 ^). 

Genomic and Biotechnology Applications of DNA molecular 
modeling 

The following gallery of images illustrates various uses of DNA molecular modeling in 
Genomics and Biotechnology research applications from DNA repair to PCR and DNA 
nanostructures; each slide contains its own explanation and/or details. The first slide 
presents an overview of DNA applications, including DNA molecular models, with emphasis 
on Genomics and Biotechnology. 

Gallery: DNA Molecular modeling applications 
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Databases for DNA molecular models and sequences 



X-ray diffraction 

• NDB ID: UD0017 Database [18] 

• X-ray Atlas -database ' 19 ^ 

• PDB files of coordinates for nucleic acid structures from X-ray diffraction by NA (incl. 
DNA) crystals [20] 



• Structure factors dowloadable files in CIF format 



[21] 
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Neutron scattering 

• ISIS neutron source 

• ISIS pulsed neutron source:A world centre for science with neutrons & muons at 
Harwell, near Oxford, UK. [22] 

X-ray microscopy 

• Application of X-ray microscopy in the analysis of living hydrated cells ^ 23 ^ 

Electron microscopy 

• DNA under electron microscope ^ 24 ^ 

Atomic Force Microscopy (AFM) 

Two-dimensional DNA junction arrays have been visualized by Atomic Force Microscopy 
(AFM)^ 25 ^ . Other imaging resources for AFM/Scanning probe microscopy(SPM) can be 
freely accessed at: 

• How SPM Works [26] 

• SPM Image Gallery - AFM STM SEM MFM NSOM and more. [27] 
Gallery of AFM Images 
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Mass spectrometry— Maldi informatics 



Data acquisition 




Genotype, 
mutations, etc. 



udeic acid 
quantitation 



Spectroscopy 

• Vibrational circular dichroism (VCD) 

• FT-NMR [28] [29] 

• NMR Atlas-database [30] 

• mmcif downloadable coordinate files of nucleic acids in solution from 2D-FT NMR data 

[31] 

• NMR constraints files for NAs in PDB format [32] 
NMR microscopy [33] 
Microwave spectroscopy 
FT-IR 

FT-NIR [34] [35] [36] 

Spectral, Hyperspectral, and Chemical imaging) [37] [38] [39] [40] [41] [42] [43] . 
Raman spectroscopy/microscopy^ 44 ^ and CARS^ 45 ^ . 

Fluorescence correlation spectroscopy [46] [47] [48] [49] [50] [51] [52] [53] , Fluorescence 
cross-correlation spectroscopy and FRET^ 

• Confocal microscopy^ 57 ^ 



n [54] [55] [56] 
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Gallery: CARS (Raman spectroscopy), Fluorescence confocal 
microscopy, and Hyperspectral imaging 



Multispectral/ 
Hyperspectral Comparison 
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Genomic and structural databases 

• CBS Genome Atlas Database ^ 58 ^ — contains examples of base skews J 59 ^ 

• The Z curve database of genomes — a 3-dimensional visualization and analysis tool of 
genomes [60][61] . 

• DNA and other nucleic acids' molecular models: Coordinate files of nucleic acids 
molecular structure models in PDB and CIF formats ^ 62 ^ 
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See also 

• -» DNA 

• Molecular graphics 

• DNA structure 

• -> X-ray scattering 

• -» Neutron scattering 

• Crystallography 

• Crystal lattices 

• -» Paracrystalline lattices/Paracrystals 

• -> 2D-FT NMRI and Spectroscopy 

• NMR Spectroscopy 

• Microwave spectroscopy 

• Two-dimensional IR spectroscopy 

• Spectral imaging 

• Hyperspectral imaging 

• Chemical imaging 

• NMR microscopy 

• VCD or Vibrational circular dichroism 

• FRET and FCS- Fluorescence correlation spectroscopy 

• Fluorescence cross-correlation spectroscopy (FCCS) 

• Molecular structure 

• Molecular geometry 

• Molecular topology 

• DNA topology 

• Sirius visualization software 

• Nanostructure 

• -» DNA nanotechnology 

• Imaging 

• Atomic force microscopy 

• X-ray microscopy 

• Liquid crystal 

• Glasses 

• QMC@Home 
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External links 

• DNA the Double Helix Game (http://nobelprize.org/educational_games/medicine/ 
dna_double_helix/) From the official Nobel Prize web site 

• MDDNA: Structural Bioinformatics of DNA (http://humphry.chem. wesleyan.edu:8080/ 
MDDNA/) 

• Double Helix 1953-2003 (http://www.ncbe.reading.ac.uk/DNA50/) National Centre 
for Biotechnology Education 

• DNA under electron microscope (http://www.fidelitysystems.com/Unlinked_DNA.html) 

• Ascalaph DNA (http://www.agilemolecule.com/Ascalaph/Ascalaph_DNA.html) — 
Commercial software for DNA modeling 

• DNAlive: a web interface to compute DNA physical properties (http://mmb.pcb.ub.es/ 
DNAIive). Also allows cross-linking of the results with the UCSC Genome browser and 
DNA dynamics. 

• DiProDB: Dinucleotide Property Database (http://diprodb.fli-leibniz.de). The database is 
designed to collect and analyse thermodynamic, structural and other dinucleotide 
properties. 

• Further details of mathematical and molecular analysis of DNA structure based on X-ray 
data (http://planetphysics.org/encyclopedia/ 
BesselFunctionsApplicationsToDiffractionByHelicalStructures.html) 

• Bessel functions corresponding to Fourier transforms of atomic or molecular helices. 
(http://planetphysics.org/?op=getobj&from=objects& 

name=BesselFunctionsAndTheirApplicationsToDiffractionByHelicalStructures) 

• Application of X-ray microscopy in analysis of living hydrated cells (http://www.ncbi. 
nlm. nih.gov/entrez/query. fcgi?cmd = Retrieve&db=pubmed&dopt=Abstract& 
list_uids=12379938) 

• Characterization in nanotechnology some pdfs (http://nanocharacterization.sitesled. 
com/) 

• overview of STM/AFM/SNOM principles with educative videos (http://www.ntmdt.ru/ 
SPM-Techniques/Principles/) 

• SPM Image Gallery - AFM STM SEM MFM NSOM and More (http://www.rhk-tech.com/ 
results/showcase, php) 

• How SPM Works (http://www.parkafm.com/New_html/resources/01general.php) 

• U.S. National DNA Day (http://www.genome.gov/10506367) — watch videos and 
participate in real-time discusssions with scientists. 

• The Secret Life of DNA - DNA Music compositions (http://www.tjmitchell.com/stuart/ 
dna.html) 
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Paracrystalline 

Paracrystalline materials are defined as having short and medium range ordering in their 
lattice (similar to the liquid crystal phases) but lacking long-range ordering at least in one 
direction }^ 

Ordering is the regularity in which atoms appear in a predictable lattice, as measured from 
one point. In a highly ordered, perfectly crystalline material, or single crystal, the location 
of every atom in the structure can be described exactly measuring out from a single origin. 
Conversely, in a disordered structure such as a liquid or amorphous solid, the location of 
the first and perhaps second nearest neighbors can be described from an origin (with some 
degree of uncertainty) and the ability to predict locations decreases rapidly from there out. 
The distance at which atom locations can be predicted is referred to as the correlation 
length £ . A paracrystalline material exhibits correlation somewhere between the fully 
amorphous and fully crystalline. 

The primary, most accessible source of crystallinity information is X-ray diffraction, 
although other techniques may be needed to observe the complex structure of 
paracrystalline materials, such as fluctuation electron microscopy ^ in combination with 
Density of states modeling^ of electronic and vibrational states. 



Paracrystalline Model 

The paracrystalline model is a revision of the Continuous Random Network model first 
proposed by W. H. Zachariasen in 1932 ^ . The paracrystal model is defined as highly 
strained, microcrystalline grains surrounded by fully amorphous material ^ . This is a 
higher energy state then the continuous random network model. The important distinction 
between this model and the microcrystalline phases is the lack of defined grain boundaries 
and highly strained lattice parameters, which makes calculations of molecular and lattice 
dynamics difficult. A general theory of paracrystals has been formulated in a basic 
textbook^ , and then further developed/refined by various authors. 



Applications 

The paracrystal model has been useful, for example, in describing the state of partially 
amorphous semiconductor materials after deposition. It has also been successfully applied 
to: synthetic polymers, liquid crystals, biopoloymers ^ and biomembranes^ . 



See also 

• -» X-ray scattering 

• Amorphous solid 

• Single Crystal 

• Polycrystalline 

• Crystallography 

• ->DNA 

• X-ray pattern of a B-DNA Paracrystal 
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DNA nanotechnology 



Part of a series of articles on 
Molecular self-assembly 



Self-assembled monolayer 
Supramolecular assembly 
-> DNA nanotechnology 

See also 
-» Nanotechnology 

DNA nanotechnology is a subfield of -> nanotechnology which seeks to use the unique 
molecular recognition properties of -> DNA and other nucleic acids to create novel, 
controllable structures out of DNA. The DNA is thus used as a structural material rather 
than as a carrier of genetic information, making it an example of bionanotechnology. This 
has possible applications in molecular self-assembly and in -> DNA computing. 



Introduction: DNA crossover molecules 











llllllllllllllllllll 
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Structure of the 4-arm junction. 

Left: A schematic. Right: A more realistic model. ^ 

Each of the four separate DNA single strands are shown in different colors. 
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DNA nanotechnology makes use of branched DNA structures to 
create DNA complexes with useful properties. -» DNA is normally a 
linear molecule, in that its axis is unbranched. However, DNA 
molecules containing junctions can also be made. For example, a 
four-arm junction can be made using four individual DNA strands 
which are complementary to each other in the correct pattern. Due to 
Watson-Crick base pairing, only portions of the strands which are 
complementary to each other will attach to each other to form duplex 
DNA. This four-arm junction is an immobile form of a Holliday 
junction. 

Junctions can be used in more complex molecules. The most 
important of these is the "double-crossover" or DX motif. Here, two 
DNA duplexes lie next to each other, and share two junction points 
where strands cross from one duplex into the other. This molecule 
has the advantage that the junction points are now constrained to a 
single orientation as opposed to being flexible as in the four-arm 
junction. This makes the DX motif suitible as a structural building 
block for larger DNA complexes 




A double-crossover 
(DX) molecule. This 
molecule consists of 
five -> DNA single 
strands which form 
two double-helical 
domains, on the left 
and the right in this 
image. There are two 
crossover points 
where the strands 
cross from one 
domain into the 
other. Image from 
Mao, 2004. [2] 
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Tile-based arrays 



DX arrays 




Assembly of a DX array. Each bar 
represents a double-helical domain of -» 
DNA, with the shapes representing 
comlimentary sticky ends. The DX molecule 
at top will combine into the 
two-dimensional DNA array shown at 
bottom. Image from Mao, 2004. [4] 



DX, Double Crossover, molecules can be equipped 
with sticky ends in order to combine them into a 
two-dimenstional periodic lattice. Each DX molecule 
has four termini, one at each end of the two 
double-helical domains, and these can be equipped 
with sticky ends that program them to combine into 
a specific pattern. More than one type of DX can be 
used which can be made to arrange in rows or any 
other tessellated pattern. They thus form extended 
flat sheets which are essentially two-dimensional 



crystals of DNA 



[5] 



DNA nanotubes 



In addition to flat sheets, DX arrays have been made 
to form hollow tubes of 4-20 nm diameter. These 
DNA nanotubes are somewhat similar in size and shape to carbon nanotubes, but the 
carbon nanotubes are stronger and better conductors, whereas the DNA nanotubes are 



more easily modified and connected to other structures 



[6] 



Other tile arrays 

Two-dimensional arrays have been made out of other motifs as well, including the Holliday 
junction rhombus array as well as various DX-based arrays in the shapes of triangles and 
hexagons.^ Another motif, the six-helix bundle, has the ability to form three-dimensional 
DNA arrays as wellJ 8 ^ 



DNA origami 

As an alternative to the tile-based approach, two-dimensional DNA structures can be made 
from a single, long DNA strand of arbitrary sequence which is folded into the desired shape 
by using shorter, "staple" strands. This allows the creation of two-dimensional shapes at the 
nanoscale using -» DNA. Demonstrated designs have included the smiley face and a coarse 
map of North America. DNA origami was the cover story of Nature on March 15, 2006 J 9 ^ 



DNA polyhedra 

A number of three-dimensional DNA molecules have been made which have the 
connectivity of a polyhedron such as an octahedron or cube. In other words, the DNA 
duplexes trace the edges of a polyhedron with a DNA junction at each vertex. The earliest 
demonstrations of DNA polyhedra involved multiple ligations and solid-phase synthesis 
steps to create catenated polyhedra. More recently, there have been demonstrations of a 
DNA truncated octahedron made from a long single strand designed to fold into the correct 
conformation, as well as a tetrahedron which can be produced from four DNA strands in a 
single step. [10] 
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DNA nanomechanical devices 

DNA complexes have been made which change their conformation upon some stimulus. 
These are intended to have applications in nanorobotics. One of the first such devices, 
called "molecular tweezers," changes from an open to a closed state based upon the 
presence of control strands. 

DNA machines have also been made which show a twisting motion. One of these makes use 
of the transition between the B-DNA and Z-DNA forms to respond to a change in buffer 
conditions. Another relies on the presence of control strands to switch from a 
paranemic-crossover (PX) conformation to a double-junction QX2) conformation.^ 11 ^ 



Stem Loop Controllers 

A design called a stem loop, consisting of a single strand of DNA which has a loop at an 
end, are a dynamic structure that opens and closes when a piece of DNA bonds to the loop 
part. This effect has been exploited to create several logic gates. [12] [13] These logic gates 
have been used to create the computers MAYA I and MAYA II which can play tick-tac-toe to 
some extentJ 14 ^ 



Applications 

Algorithmic self-assembly 

DNA nanotechnology has been applied to 
the related field of DNA computing. A DX 
array has been demonstrated whose 
assembly encodes an XOR operation, which 
allows the DNA array to implement a 
cellular automaton which generates a 
fractal called the Sierpinski gasket. This 
shows that computation can be 
incorporated into the assembly of DNA 
arrays, increasing its scope beyond simple 
periodic arrays. 

Note that DNA computing overlaps with, 
but is distinct from, DNA nanotechnology. 
The latter uses the specificity of 
Watson-Crick basepairing to make novel 
structures out of DNA. These structures can 
have to be. Additionally, DNA computing can 
made possible by DNA Nanotechnology^ 16 ^ 




The Sierpinski gasket. 



be used for DNA computing, but they do not 
be done without using the types of molecules 
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Nanoarchitecture 

The idea of using DNA arrays to 
template the assembly of other 
functional molecules has been 
around for a while, but only 
recently has progress been made 
in reducing these kinds of schemes 
to practice. In 2006, researchers 
covalently attached gold 
nanoparticles to a DX-based tile 
and showed that self-assembly of 
the DNA structures also assembled 
the nanoparticles hosted on them. 
A non-covalent hosting scheme 
was shown in 2007, using Dervan 
polyamides on a DX array to 
arrange streptavidin proteins on 
specific kinds of tiles on the DNA 
arrayJ 17 ^ Previously in 2006 
LaBean demonstrated the letters 

"D" "N" and "A" created on a 4x4 DX array using streptavidin. [18] 

DNA has also been used to assemble a single walled carbon nanotube 
Field-effecttransistorJ 19 ^ 

See also 

• Mechanical properties of DNA 




DNA arrays that display a representation of the Sierpinski gasket 
on their surfaces. Click the image for further details. Image from 
Rothemund et ah, 2004. [15] 



External links 

Chengde Mao page at Purdue University [20] 
John Reif lab at Duke University [21] 
Nadrian Seeman lab at NYU [22] 
William M. Shih lab at Harvard Medical School [23] 
Andrew Turberfield lab at Oxford University [24] 
Erik Winfree lab at Caltech [25] 
Hao Yan lab at Arizona State University [26] 

Bernard Yurke formerly at Bell Labs [27] now at Boise State University [28] 
Thorn LaBean at Duke University [29] 
Software for 3D DNA design, modeling and/or simulation: 

• Ascalaph Designer ^ 30 ^ 

• caDNAno [31] 



GIDEON 



[32] 



• NanoEngineer-1 ^ 33 ^ 

International Society for Nanoscale Science, Computation and Engineering [34] 
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Nanotechnology, shortened to "Nanotech", is the study of the control of matter on an 
atomic and molecular scale. Generally nanotechnology deals with structures of the size 100 
nanometers or smaller, and involves developing materials or devices within that size. 
Nanotechnology is very diverse, ranging from novel extensions of conventional device 
physics, to completely new approaches based upon molecular self-assembly, to developing 
new materials with dimensions on the nanoscale, even to speculation on whether we can 
directly control matter on the atomic scale. 

There has been much debate on the future of implications of nanotechnology. 
Nanotechnology has the potential to create many new materials and devices with 
wide-ranging applications, such as in medicine, electronics, and energy production. On the 
other hand, nanotechnology raises many of the same issues as with any introduction of new 
technology, including concerns about the toxicity and environmental impact of 
nanomaterials ^ , and their potential effects on global economics, as well as speculation 
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about various doomsday scenarios. These concerns have led to a debate among advocacy 
groups and governments on whether special regulation of nanotechnology is warranted. 




Buckminsterfullerene C„„, also known 

oU 

as the buckyball, is the simplest of the 
carbon structures known as fullerenes. 
Members of the fullerene family are a 
major subject of research falling under 
the nanotechnology umbrella. 



Origins 

The first use of the concepts in 'nano-technology' (but 
pre-dating use of that name) was in "There's Plenty of 
Room at the Bottom," a talk given by physicist Richard 
Feynman at an American Physical Society meeting at 
Caltech on December 29, 1959. Feynman described a 
process by which the ability to manipulate individual 
atoms and molecules might be developed, using one set 
of precise tools to build and operate another 
proportionally smaller set, so on down to the needed 
scale. In the course of this, he noted, scaling issues 
would arise from the changing magnitude of various 
physical phenomena: gravity would become less 
important, surface tension and Van der Waals attraction 
would become more important, etc. This basic idea 
appears plausible, and exponential assembly enhances 
it with parallelism to produce a useful quantity of end 
products. The term "nanotechnology" was defined by 
Tokyo Science University Professor Norio Taniguchi in a 1974 paper^ as follows: 
'"Nano-technology 1 mainly consists of the processing of, separation, consolidation, and 
deformation of materials by one atom or by one molecule." In the 1980s the basic idea of 
this definition was explored in much more depth by Dr. K. Eric Drexler, who promoted the 
technological significance of nano-scale phenomena and devices through speeches and the 
books Engines of Creation: The Coming Era of Nanotechnology (1986) and Nanosy stems: 
Molecular Machinery, Manufacturing, and Computation} 3 ^ and so the term acquired its 
current sense. Engines of Creation: The Coming Era of Nanotechnology is considered the 
first book on the topic of nanotechnology. Nanotechnology and nanoscience got started in 
the early 1980s with two major developments; the birth of cluster science and the invention 
of the scanning tunneling microscope (STM). This development led to the discovery of 
fullerenes in 1985 and carbon nanotubes a few years later. In another development, the 
synthesis and properties of semiconductor nanocrystals was studied; this led to a fast 
increasing number of metal oxide nanoparticles of quantum dots. The -» atomic force 
microscope was invented six years after the STM was invented. In 2000, the United States 
National Nanotechnology Initiative was founded to coordinate Federal nanotechnology 
research and development. 



Fundamental concepts 

One nanometer (nm) is one billionth, or 10" 9 , of a meter. By comparison, typical 
carbon-carbon bond lengths, or the spacing between these atoms in a molecule, are in the 
range 0.12-0.15 nm, and a -» DNA double-helix has a diameter around 2 nm. On the other 
hand, the smallest cellular life-forms, the bacteria of the genus Mycoplasma, are around 
200 nm in length. 
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To put that scale in another context, the comparative size of a nanometer to a meter is the 
same as that of a marble to the size of the earth. ^ Or another way of putting it: a 
nanometer is the amount a man's beard grows in the time it takes him to raise the razor to 
his faceJ 4 ^ 

Two main approaches are used in nanotechnology. In the "bottom-up" approach, materials 
and devices are built from molecular components which assemble themselves chemically by 
principles of molecular recognition. In the "top-down" approach, nano-objects are 
constructed from larger entities without atomic-level control.^ 

Larger to smaller: a materials perspective 

A number of physical phomomena become pronounced as the size of the system decreases. 
These include statistical mechanical effects, as well as quantum mechanical effects, for 
example the "quantum size effect" where the electronic properties of solids are altered with 
great reductions in particle size. This effect does not come into play by going from macro to 
micro dimensions. However, it becomes dominant when the nanometer size range is 
reached. Additionally, a number of physical (mechanical, electrical, optical, etc.) properties 
change when compared to macroscopic systems. One example is the increase in surface 
area to volume ratio altering mechanical, thermal and catalytic properties of materials. 
Diffusion and reactions at nanoscale, nanostructures materials and nanodevices with fast 
ion transport are generally referred to nanoionics. Novel mechanical properties of 
nanosystems are of interest in the nanomechanics research. The catalytic activity of 
nanomaterials also opens potential risks in their interaction with biomaterials 

For example, if you take aluminum and cut it in half, it is still aluminum. But if you keep 
cutting aluminum in half until it has dimensions on the nano scale, it becomes highly 
reactive. This is because the molecular structure was changed. 

Materials reduced to the nanoscale can show different properties compared to what they 
exhibit on a macroscale, enabling unique applications. For instance, opaque substances 
become transparent (copper); stable materials turn combustible (aluminum); solids turn 
into liquids at room temperature (gold); insulators become conductors (silicon). A material 
such as gold, which is chemically inert at normal scales, can serve as a potent chemical 
catalyst at nanoscales. Much of the fascination with nanotechnology stems from these 
quantum and surface phenomena that matter exhibits at the nanoscale. ^ 

Simple to complex: a molecular perspective 

Modern synthetic chemistry has reached the point where it is possible to prepare small 
molecules to almost any structure. These methods are used today to produce a wide variety 
of useful chemicals such as pharmaceuticals or commercial polymers. This ability raises the 
question of extending this kind of control to the next-larger level, seeking methods to 
assemble these single molecules into supramolecular assemblies consisting of many 
molecules arranged in a well defined manner. 

These approaches utilize the concepts of molecular self-assembly and/or supramolecular 
chemistry to automatically arrange themselves into some useful conformation through a 
bottom-up approach. The concept of molecular recognition is especially important: 
molecules can be designed so that a specific conformation or arrangement is favored due to 
non-covalent intermolecular forces. The Watson-Crick basepairing rules are a direct result 
of this, as is the specificity of an enzyme being targeted to a single substrate, or the specific 
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folding of the protein itself. Thus, two or more components can be designed to be 
complementary and mutually attractive so that they make a more complex and useful 
whole. 

Such bottom-up approaches should be able to produce devices in parallel and much 
cheaper than top-down methods, but could potentially be overwhelmed as the size and 
complexity of the desired assembly increases. Most useful structures require complex and 
thermodynamically unlikely arrangements of atoms. Nevertheless, there are many examples 
of self-assembly based on molecular recognition in biology, most notably Watson-Crick 
basepairing and enzyme-substrate interactions. The challenge for nanotechnology is 
whether these principles can be used to engineer novel constructs in addition to natural 
ones. 

Molecular nanotechnology: a long-term view 

Molecular nanotechnology, sometimes called molecular manufacturing, is a term given to 
the concept of engineered nanosystems (nanoscale machines) operating on the molecular 
scale. It is especially associated with the concept of a molecular assembler, a machine that 
can produce a desired structure or device atom-by-atom using the principles of 
mechanosynthesis. Manufacturing in the context of productive nanosystems is not related 
to, and should be clearly distinguished from, the conventional technologies used to 
manufacture nanomate rials such as carbon nanotubes and nanoparticles. 

When the term "nanotechnology" was independently coined and popularized by Eric 
Drexler (who at the time was unaware of an earlier usage by Norio Taniguchi) it referred to 
a future manufacturing technology based on molecular machine systems. The premise was 
that molecular scale biological analogies of traditional machine components demonstrated 
molecular machines were possible: by the countless examples found in biology, it is known 
that sophisticated, stochastically optimised biological machines can be produced.. 

It is hoped that developments in nanotechnology will make possible their construction by 
some other means, perhaps using biomimetic principles. However, Drexler and other 
researchers^ 81 have proposed that advanced nanotechnology, although perhaps initially 
implemented by biomimetic means, ultimately could be based on mechanical engineering 
principles, namely, a manufacturing technology based on the mechanical functionality of 
these components (such as gears, bearings, motors, and structural members) that would 
enable programmable, positional assembly to atomic specification (PNAS-1981 The 
physics and engineering performance of exemplar designs were analyzed in Drexler 1 s book 
Nanosystems. 

In general it is very difficult to assemble devices on the atomic scale, as all one has to 
position atoms are other atoms of comparable size and stickiness. Another view, put forth 
by Carlo Montemagno,^ 10 ^ is that future nanosystems will be hybrids of silicon technology 
and biological molecular machines. Yet another view, put forward by the late Richard 
Smalley, is that mechanosynthesis is impossible due to the difficulties in mechanically 
manipulating individual molecules. 

This led to an exchange of letters in the ACS publication Chemical & Engineering News in 
2 003 } 111 Though biology clearly demonstrates that molecular machine systems are 
possible, non-biological molecular machines are today only in their infancy. Leaders in 
research on non-biological molecular machines are Dr. Alex Zettl and his colleagues at 
Lawrence Berkeley Laboratories and UC Berkeley. They have constructed at least three 
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distinct molecular devices whose motion is controlled from the desktop with changing 
voltage: a nanotube nanomotor, a molecular actuator ^ 12 \ and a nanoelectromechanical 
relaxation oscillator ^ 13 ^. 

An experiment indicating that positional molecular assembly is possible was performed by 
Ho and Lee at Cornell University in 1999. They used a scanning tunneling microscope to 
move an individual carbon monoxide molecule (CO) to an individual iron atom (Fe) sitting 
on a flat silver crystal, and chemically bound the CO to the Fe by applying a voltage. 

Current research 
Nanomaterials 

This includes subfields which develop or study 
materials having unique properties arising from their 
nanoscale dimensions' 15 ^ 

• Interface and Colloid Science has given rise to 
many materials which may be useful in 
nanotechnology, such as carbon nanotubes and other 
fullerenes, and various nanoparticles and nanorods. 

• Nanoscale materials can also be used for bulk 
applications; most present commercial applications 
of nanotechnology are of this flavor. 

• Progress has been made in using these materials for 
medical applications; see Nanomedicine. 

• Nanoscale materials are sometimes used in solar 
cells which combats the cost of traditional Silicon 
solar cells 

Bottom-up approaches 

Sarfus image of a DNA biochip 
These seek to arrange smaller components into more elaborated by bottom-up approach. 

complex assemblies. 

• -> DNA nanotechnology utilizes the specificity of Watson-Crick basepairing to construct 
well-defined structures out of -> DNA and other nucleic acids. 

• Approaches from the field of "classical" chemical synthesis also aim at designing 
molecules with well-defined shape (e.g. bis-peptides^ 16 ^ ). 

• More generally, molecular self-assembly seeks to use concepts of supramolecular 
chemistry, and molecular recognition in particular, to cause single-molecule components 
to automatically arrange themselves into some useful conformation. 
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Top-down approaches 

These seek to create smaller devices by using larger 
ones to direct their assembly. 

• Many technologies descended from conventional 
solid-state silicon methods for fabricating 
microprocessors are now capable of creating features 
smaller than 100 nm, falling under the definition of 
nanotechnology. Giant magnetoresistance-based hard 
drives already on the market fit this description^ 17 ^ 
as do atomic layer deposition (ALD) techniques. Peter 
Griinberg and Albert Fert received the Nobel Prize in 
Physics for their discovery of Giant 
magnetoresistance and contributions to the field of 
spintronics in 2007 J 18 ^ 

• Solid-state techniques can also be used to create 
devices known as nanoelectromechanical systems 

or NEMS, which are related to 
microelectromechanical systems or MEMS. 




This device transfers energy from 
nano-thin layers of quantum wells to 
nanocrystals above them, causing the 
nanocrystals to emit visible light. 



• -> Atomic force microscope tips can be used as a nanoscale "write head" to deposit a 
chemical upon a surface in a desired pattern in a process called dip pen 
nanolithography. This fits into the larger subfield of nanolithography. 

• Focused ion beams can directly remove material, or even deposit material when suitable 
pre-cursor gasses are applied at the same time. For example, this technique is used 
routinely to create sub- 100 nm sections of material for analysis in Transmission electron 
microscopy. 

Functional approaches 

These seek to develop components of a desired functionality without regard to how they 
might be assembled. 

• Molecular electronics seeks to develop molecules with useful electronic properties. 
These could then be used as single-molecule components in a nanoelectronic deviceJ 19 ^ 
For an example see rotaxane. 

• Synthetic chemical methods can also be used to create what forensics call synthetic 
molecular motors, such as in a so-called nanocar. 
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Speculative 

These subfields seek to anticipate what inventions nanotechnology might yield, or attempt 
to propose an agenda along which inquiry might progress. These often take a big-picture 
view of nanotechnology, with more emphasis on its societal implications than the details of 
how such inventions could actually be created. 

• Molecular nanotechnology is a proposed approach which involves manipulating single 
molecules in finely controlled, deterministic ways. This is more theoretical than the other 
subfields and is beyond current capabilities. 

• Nanorobotics centers on self-sufficient machines of some functionality operating at the 
nanoscale. There are hopes for applying nanorobots in medicine^ 20 ^ ^ 21 ^ ^ 22 ^ , but it may 
not be easy to do such a thing because of several drawbacks of such devices J 23 ^ 
Nevertheless, progress on innovative materials and methodologies has been 
demonstrated with some patents granted about new nanomanufacturing devices for 
future commercial applications, which also progressively helps in the development 
towards nanorobots with the use of embedded nanobioelectronics concept.^ 24 ^ ^ 25 ^ 

• Programmable matter based on artificial atoms seeks to design materials whose 
properties can be easily, reversibly and externally controlled. 

• Due to the popularity and media exposure of the term nanotechnology, the words 
picotechnology and femtotechnology have been coined in analogy to it, although these 
are only used rarely and informally. 



Tools and techniques 

The first observations and size 
measurements of nano-particles 
were made during the first decade 
of the 20th century. They are 
mostly associated with the name of 
Zsigmondy who made detailed 
studies of gold sols and other 
nanomaterials with sizes down to 
10 nm and less. He published a 
book in 1914. [26] He used 
ultramicroscope that employs a 
dark field method for seeing 
particles with sizes much less than 
light wavelength. 

There are traditional techniques 
developed during 20th century in 
Interface and Colloid Science for 
characterizing nanomaterials . 

These are widely used for first 
generation passive nanomaterials 
specified in the next section. 
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Typical -> AFM setup. A microfabricated cantilever with a sharp 
tip is deflected by features on a sample surface, much like in a 
phonograph but on a much smaller scale. A laser beam reflects 
off the backside of the cantilever into a set of photodetectors, 
allowing the deflection to be measured and assembled into an 
image of the surface. 



These methods include several different techniques for characterizing particle size 
distribution. This characterization is imperative because many materials that are expected 
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to be nano-sized are actually aggregated in solutions. Some of methods are based on light 
scattering. Other apply ultrasound, such as ultrasound attenuation spectroscopy for testing 
concentrated nano-dispersions and microemulsionsJ 27 ^ 

There is also a group of traditional techniques for characterizing surface charge or zeta 
potential of nano-particles in solutions. This information is required for proper system 
stabilzation, preventing its aggregation or flocculation. These methods include 
microelectrophoresis, electrophoretic light scattering and electroacoustics. The last one, for 
instance colloid vibration current method is suitable for characterizing concentrated 
systems. 

Next group of nanotechnological techniques include those used for fabrication of 
nanowires, those used in semiconductor fabrication such as deep ultraviolet lithography, 
electron beam lithography, focused ion beam machining, nanoimprint lithography, atomic 
layer deposition, and molecular vapor deposition, and further including molecular 
self-assembly techniques such as those employing di-block copolymers. However, all of 
these techniques preceded the nanotech era, and are extensions in the development of 
scientific advancements rather than techniques which were devised with the sole purpose 
of creating nanotechnology and which were results of nanotechnology research. 

There are several important modern developments. The -» atomic force microscope (AFM) 
and the Scanning Tunneling Microscope (STM) are two early versions of scanning probes 
that launched nanotechnology. There are other types of scanning probe microscopy, all 
flowing from the ideas of the scanning confocal microscope developed by Marvin Minsky in 
1961 and the scanning acoustic microscope (SAM) developed by Calvin Quate and 
coworkers in the 1970s, that made it possible to see structures at the nanoscale. The tip of 
a scanning probe can also be used to manipulate nanostructures (a process called positional 
assembly). Feature-oriented scanning-positioning methodology suggested by Rostislav 
Lapshin appears to be a promising way to implement these nanomanipulations in automatic 
mode. However, this is still a slow process because of low scanning velocity of the 
microscope. Various techniques of nanolithography such as dip pen nanolithography, 
electron beam lithography or nanoimprint lithography were also developed. Lithography is 
a top-down fabrication technique where a bulk material is reduced in size to nanoscale 
pattern. 

The top-down approach anticipates nanodevices that must be built piece by piece in stages, 
much as manufactured items are made. Scanning probe microscopy is an important 
technique both for characterization and synthesis of nanomaterials. -» Atomic force 
microscopes and scanning tunneling microscopes can be used to look at surfaces and to 
move atoms around. By designing different tips for these microscopes, they can be used for 
carving out structures on surfaces and to help guide self-assembling structures. By using, 
for example, feature-oriented scanning-positioning approach, atoms can be moved around 
on a surface with scanning probe microscopy techniques. At present, it is expensive and 
time-consuming for mass production but very suitable for laboratory experimentation. 

In contrast, bottom-up techniques build or grow larger structures atom by atom or molecule 
by molecule. These techniques include chemical synthesis, self-assembly and positional 
assembly. Another variation of the bottom-up approach is molecular beam epitaxy or MBE. 
Researchers at Bell Telephone Laboratories like John R. Arthur. Alfred Y. Cho, and Art C. 
Gossard developed and implemented MBE as a research tool in the late 1960s and 1970s. 
Samples made by MBE were key to the discovery of the fractional quantum Hall effect for 
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which the 1998 Nobel Prize in Physics was awarded. MBE allows scientists to lay down 
atomically-precise layers of atoms and, in the process, build up complex structures. 
Important for research on semiconductors, MBE is also widely used to make samples and 
devices for the newly emerging field of spintronics } 28 ^ 

Newer techniques such as Dual Polarisation Interferometry are enabling scientists to 
measure quantitatively the molecular interactions that take place at the nano-scale. 

However, new therapeutic products, based on responsive nanomaterials, such as the 
ultradeformable, stress-sensitive Transfersome vesicles, are under development and 
already approved for human use in some countries. 



Applications 

As of August 21, 2008, the Project on Emerging Nanotechnologies estimates that over 800 
manufacturer-identified nanotech products are publicly available, with new ones hitting the 
market at a pace of 3-4 per weekJ 29 ^ The project lists all of the products in a publicly 
accessible online inventory ^ 30 ^. Most applications are limited to the use of "first 
generation" passive nanomaterials which includes titanium dioxide in sunscreen, cosmetics 
and some food products; Carbon allotropes used to produce gecko tape; silver in food 
packaging, clothing, disinfectants and household appliances; zinc oxide in sunscreens and 
cosmetics, surface coatings, paints and outdoor furniture varnishes; and cerium oxide as a 
fuel catalyst. [31] 

The National Science Foundation (a major distributor for nanotechnology research in the 
United States) funded researcher David Berube to study the field of nanotechnology. His 
findings are published in the monograph Nano-Hype: The Truth Behind the Nanotechnology 
Buzz. This published study (with a foreword by [Anwar Mikhail], Senior Advisor for 
Nanotechnology at the National Science Foundation) concludes that much of what is sold as 
"nanotechnology" is in fact a recasting of straightforward materials science, which is 
leading to a "nanotech industry built solely on selling nanotubes, nanowires, and the like" 
which will "end up with a few suppliers selling low margin products in huge volumes." 
Further applications which require actual manipulation or arrangement of nanoscale 
components await further research. Though technologies branded with the term 'nano' are 
sometimes little related to and fall far short of the most ambitious and transformative 
technological goals of the sort in molecular manufacturing proposals, the term still 
connotes such ideas. According to Berube, there may be a danger that a "nano bubble" will 
form, or is forming already, from the use of the term by scientists and entrepreneurs to 
garner funding, regardless of interest in the transformative possibilities of more ambitious 
and far-sighted work. 

Nano-membranes have been produced that are portable and easily-cleaned systems that 
purify, detoxify and desalinate water meaning that third-world countries could get clean 
water, solving many water related health issues. 
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Implications 

Due to the far-ranging claims that have been made about potential applications of 
nanotechnology, a number of serious concerns have been raised about what effects these 
will have on our society if realized, and what action if any is appropriate to mitigate these 
risks. 

There are possible dangers that arise with the development of nanotechnology. The Center 
for Responsible Nanotechnology suggests that new developments could result, among other 
things, in untraceable weapons of mass destruction, networked cameras for use by the 
government, and weapons developments fast enough to destabilize arms races 
("Nanotechnology Basics"). 

One area of concern is the effect that industrial-scale manufacturing and use of 
nanomaterials would have on human health and the environment, as suggested by 
nanotoxicology research. Groups such as the Center for Responsible Nanotechnology have 
advocated that nanotechnology should be specially regulated by governments for these 
reasons. Others counter that overregulation would stifle scientific research and the 
development of innovations which could greatly benefit mankind. 

Other experts, including director of the Woodrow Wilson Center's Project on Emerging 
Nanotechnologies David Rejeski, have testified^ 32 ^ that successful commercialization 
depends on adequate oversight, risk research strategy, and public engagement. Berkeley, 
California is currently the only city in the United States to regulate nanotechnology;^ 33 ^ 
Cambridge, Massachusetts in 2008 considered enacting a similar law,^ 34 ^ but ultimately 
rejected this. [35] 

Health and environmental concerns 

Some of the recently developed nanoparticle products may have unintended consequences. 
Researchers have discovered that silver nanoparticles used in socks to reduce foot odor are 
being released in the wash with possible negative consequences.^ 36 ^ Silver nanoparticles, 
which are bacteriostatic, may then destroy beneficial bacteria which are important for 
breaking down organic matter in waste treatment plants or farms P 7 ^ 

A study at the University of Rochester found that when rats breathed in nanoparticles, the 
particles settled in the brain and lungs, which led to significant increases in biomarkers for 
inflammation and stress responseJ 38 ^ 

A major study published more recently in Nature Nanotechnology suggests some forms of 
carbon nanotubes - a poster child for the "nanotechnology revolution" - could be as 
harmful as asbestos if inhaled in sufficient quantities. Anthony Seaton of the Institute of 
Occupational Medicine in Edinburgh, Scotland, who contributed to the article on carbon 
nanotubes said "We know that some of them probably have the potential to cause 
mesothelioma. So those sorts of materials need to be handled very carefully." ^ 39 ^ . In the 
absence of specific nano-regulation forthcoming from governments, Paull and Lyons (2008) 
have called for an exclusion of engineered nanoparticles from organic foodJ 40 ^ 
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Regulation 

Calls for tighter regulation of nanotechnology have occurred alongside a growing debate 
related to the human health and safety risks associated with nanotechnology. Furthermore, 
there is significant debate about who is responsible for the regulation of nanotechnology. 
While some non-nanotechnology specific regulatory agencies currently cover some products 
and processes (to varying degrees) - by "bolting on" nanotechnology to existing regulations 
- there are clear gaps in these regimesJ 41 ^ In "Nanotechnology Oversight: An Agenda for 
the Next Administration,"^ 42 ^ former EPA deputy administrator J. Clarence (Terry) Davies 
lays out a clear regulatory roadmap for the next presidential administration and describes 
the immediate and longer term steps necessary to deal with the current shortcomings of 
nanotechnology oversight. 

Steak holders concerned by the lack of a meats to cook and eat with a side of nanoparticles 
and nanotubes have drawn diagrams with bovine spongiform encephalopathy ('mad cow's 
disease), thalidomide, genetically modified food,^ 43 ^ nuclear energy, reproductive 
technologies, biotechnology, and asbestosis. Dr. Andrew Maynard, chief science advisor to 
the Woodrow Wilson Center's Project on Emerging Nanotechnologies, concludes (among 
others) that there is insufficient funding for human health and safety research, and as a 
result there is currently limited understanding of the human health and safety risks 
associated with nanotechnology J 44 ^ 

The Royal Society report^ 45 ^ identified a risk of nanoparticles or nanotubes being released 
during disposal, destruction and recycling, and recommended that "manufacturers of 
products that fall under extended producer responsibility regimes such as end-of-life 
regulations publish procedures outlining how these materials will be managed to minimize 
possible human and environmental exposure" (p.xiii). Reflecting the challenges for ensuring 
responsible life cycle regulation, the Institute for Food and Agricultural Standards ^ 46 ^ has 
proposed standards for nanotechnology research and development should be integrated 
across consumer, worker and environmental standards. They also propose that NGOs and 
other citizen groups play a meaningful role in the development of these standards. 



See also 
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DNA computing 

DNA computing is a form of computing which uses -> DNA, biochemistry and molecular 
biology, instead of the traditional silicon-based computer technologies. DNA computing, or, 
more generally, molecular computing, is a fast developing interdisciplinary area. Research 
and development in this area concerns theory, experiments and applications of DNA 
computing. 

History 

This field was initially developed by Leonard Adleman of the University of Southern 
California, in 1994.^ Adleman demonstrated a proof-of-concept use of DNA as a form of 
computation which solved the seven-point Hamiltonian path problem. Since the initial 
Adleman experiments, advances have been made and various Turing machines have been 
proven to be constructible ^ 

In 2002, researchers from the Weizmann Institute of Science in Rehovot, Israel, unveiled a 
programmable molecular computing machine composed of enzymes and DNA molecules 
instead of silicon microchips. ^ On April 28 2004, Ehud Shapiro, Yaakov Benenson, 
Binyamin Gil, Uri Ben-Dor, and Rivka Adar at the Weizmann Institute announced in the 
journal Nature that they had constructed a DNA computer.^ This was coupled with an 
input and output module and is capable of diagnosing cancerous activity within a cell, and 
then releasing an anti-cancer drug upon diagnosis. 

Capabilities 

DNA computing is fundamentally similar to parallel computing in that it takes advantage of 
the many different molecules of DNA to try many different possibilities at once. 

For certain specialized problems, DNA computers are faster and smaller than any other 
computer built so far. But DNA computing does not provide any new capabilities from the 
standpoint of computability theory, the study of which problems are computationally 
solvable using different models of computation. For example, if the space required for the 
solution of a problem grows exponentially with the size of the problem (EXPSPACE 
problems) on von Neumann machines it still grows exponentially with the size of the 
problem on DNA machines. For very large EXPSPACE problems, the amount of DNA 
required is too large to be practical. (Quantum computing, on the other hand, does provide 
some interesting new capabilities). 

DNA computing overlaps with, but is distinct from, -» DNA nanotechnology. The latter uses 
the specificity of Watson-Crick basepairing and other DNA properties to make novel 
structures out of DNA. These structures can be used for DNA computing, but they do not 
have to be. Additionally, DNA computing can be done without using the types of molecules 
made possible by DNA nanotechnology (as the above examples show). 
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Examples 

• MAYA II 

• Computational Genes 

See also 

• Peptide computing 

• Parallel computing 

• Quantum computing 
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Techniques for Molecular Structure 

Determination 



X-ray scattering 

1. REDIRECT X-ray scattering techniques 

Neutron scattering 

Neutron scattering encompasses all scientific techniques whereby the deflection of 
neutron radiation is used as a scientific probe. Neutrons readily interact with atomic nuclei 
and magnetic fields from unpaired electrons, making a useful probe of both structure and 
magnetic order. Neutron Scattering falls into two basic categories - elastic and inelastic. 
Elastic scattering is when a neutron interacts with a nucleus or electronic magnetic field 
but does not leave it in an excited state, meaning the emitted neutron has the same energy 
as the injected neutron. Scattering processes that involve an energetic excitation or 
relaxation by the neutron are inelastic: the injected neutron's energy is used or increased to 
create an excitation or by absorbing the excess energy from a relaxation, and consequently 
the emitted neutron's energy is reduced or increased respectively. 

For several good reasons, moderated neutrons provide an ideal tool for the study of almost 
all forms of condensed matter. Firstly, they are readily produced at a nuclear research 
reactor or a spallation source. Normally in such processes neutrons are however produced 
with much higher energies than are needed. Therefore moderators are generally used 
which slow the neutrons down and therefore produce wavelengths that are comparable to 
the atomic spacing in solids and liquids, and kinetic energies that are comparable to those 
of dynamic processes in materials. Moderators can be made from Aluminium and filled with 
liquid hydrogen (for very long wavelength neutrons) or liquid methane (for shorter 

7 8 

wavelength neutrons). Fluxes of 10 /s - 10 /s are not atypical in most neutron sources from 
any given moderator. 

The neutrons cause pronounced interference and energy transfer effects in scattering 
experiments. Unlike an x-ray photon with a similar wavelength, which interacts with the 
electron cloud surrounding the nucleus, neutrons interact with the nucleus itself. Because 
the neutron is an electrically neutral particle, it is deeply penetrating, and is therefore more 
able to probe the bulk material. Consequently, it enables the use of a wide range of sample 
environments that are difficult to use with synchrotron x-ray sources. It also has the 
advantage that the cross sections for interaction do not increase with atomic number as 
they do with radiation from a synchrotron x-ray source. Thus neutrons can be used to 
analyse materials with low atomic numbers like proteins and surfactants. This can be done 
at synchrotron sources but very high intensities are needed which may cause the structures 
to change. Moreover, the nucleus provides a very short range, isotropic potential varying 
randomly from isotope to isotope, making it possible to tune the nuclear scattering contrast 
to suit the experiment: 
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The neutron has an additional advantage over the x-ray photon in the study of condensed 
matter. It readily interacts with internal magnetic fields in the sample. In fact, the strength 
of the magnetic scattering signal is often very similar to that of the nuclear scattering 
signal in many materials, which allows the simultaneous exploration of both nuclear and 
magnetic structure. Because the neutron scattering amplitude can be measured in absolute 
units, both the structural and magnetic properties as measured by neutrons can be 
compared quantitatively with the results of other characterisation techniques. 

See also 

• Neutron diffraction 

• Small angle neutron scattering 

• Neutron Reflectometry 

• Inelastic neutron scattering 

• neutron triple-axis spectrometry 

• neutron time-of-flight scattering 

• neutron backscattering 

• neutron spin echo 

• neutron resonance spin echo 

• Neutron scattering facilities 

External links 

• Neutron Scattering - A primer ^ (LANL-hosted black and white version ^) - An 
introductory article written by Roger Pynn (Los Alamos National Laboratory) 
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Atomic force microscope 



The atomic force microscope (AFM) or 
scanning force microscope (SFM) is a very 
high-resolution type of scanning probe 
microscope, with demonstrated resolution 
of fractions of a nanometer, more than 
1000 times better than the optical 
diffraction limit. The precursor to the AFM, 
the scanning tunneling microscope, was 
developed by Gerd Binnig and Heinrich 
Rohrer in the early 1980s, a development 
that earned them the Nobel Prize for 
Physics in 1986. Binnig, Quate and Gerber 
invented the first AFM in 1986. The AFM is 
one of the foremost tools for imaging, 
measuring and manipulating matter at the 
nanoscale. The information is gathered by 
"feeling" the surface with a mechanical 
probe. Piezoelectric elements that facilitate 
tiny but accurate and precise movements 
on (electronic) command enable the very 
precise scanning. 
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AFM cantilever (after use) in the 
Scanning Electron Microscope, 
magnification 1,000 x (image width 
100 micrometers) 



The AFM consists of a microscale cantilever with a 
sharp tip (probe) at its end that is used to scan the 
specimen surface. The cantilever is typically silicon or 
silicon nitride with a tip radius of curvature on the 
order of nanometers. When the tip is brought into 
proximity of a sample surface, forces between the tip 
and the sample lead to a deflection of the cantilever 
according to Hooke's law. Depending on the situation, 
forces that are measured in AFM include mechanical 
contact force, Van der Waals forces, capillary forces, 
chemical bonding, electrostatic forces, magnetic forces 
(see Magnetic force microscope (MFM)), Casimir 
forces, solvation forces etc. As well as force, additional 
quantities may simultaneously be measured through the 
use of specialised types of probe (see Scanning thermal 
microscopy, photothermal microspectroscopy, etc.). 
Typically, the deflection is measured using a laser spot 
reflected from the top surface of the cantilever into an 
array of photodiodes. Other methods that are used 
include optical interferometry, capacitive sensing or 
piezoresistive AFM cantilevers. These cantilevers are 
fabricated with piezoresistive elements that act as a 
strain gauge. Using a Wheatstone bridge, strain in the 
AFM cantilever due to deflection can be measured, but 
this method is not as sensitive as laser deflection or 
interferometry. 
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If the tip was scanned at a constant height, a risk would 
exist that the tip collides with the surface, causing 
damage. Hence, in most cases a feedback mechanism is 
employed to adjust the tip-to-sample distance to 
maintain a constant force between the tip and the 
sample. Traditionally, the sample is mounted on a 
piezoelectric tube, that can move the sample in the z 
direction for maintaining a constant force, and the x 
and y directions for scanning the sample. Alternatively 
a 'tripod' configuration of three piezo crystals may be 
employed, with each responsible for scanning in the x,y 
and z directions. This eliminates some of the distortion 
effects seen with a tube scanner. In newer designs, the 
tip is mounted on a vertical piezo scanner while the 
sample is being scanned in X and Y using another piezo block. The resulting map of the 
area s = f(x,y) represents the topography of the sample. 




AFM cantilever (after use) in the 
Scanning Electron Microscope, 
magnification 3,000 x (image width ~ 
30 micrometers) 



The AFM can be operated in a number of modes, depending on the application. In general, 
possible imaging modes are divided into static (also called Contact) modes and a variety of 
dynamic (or non-contact) modes where the cantilever is vibrated. 



Imaging modes 

The primary modes of operation are static (contact) mode and dynamic mode. In the static 
mode operation, the static tip deflection is used as a feedback signal. Because the 
measurement of a static signal is prone to noise and drift, low stiffness cantilevers are used 
to boost the deflection signal. However, close to the surface of the sample, attractive forces 
can be quite strong, causing the tip to 'snap-in' to the surface. Thus static mode AFM is 
almost always done in contact where the overall force is repulsive. Consequently, this 
technique is typically called 'contact mode'. In contact mode, the force between the tip and 
the surface is kept constant during scanning by maintaining a constant deflection. 

In the dynamic mode, the cantilever is externally oscillated at or close to its fundamental 
resonance frequency or a harmonic. The oscillation amplitude, phase and resonance 
frequency are modified by tip-sample interaction forces; these changes in oscillation with 
respect to the external reference oscillation provide information about the sample's 
characteristics. Schemes for dynamic mode operation include frequency modulation and the 
more common amplitude modulation. In frequency modulation, changes in the oscillation 
frequency provide information about tip-sample interactions. Frequency can be measured 
with very high sensitivity and thus the frequency modulation mode allows for the use of 
very stiff cantilevers. Stiff cantilevers provide stability very close to the surface and, as a 
result, this technique was the first AFM technique to provide true atomic resolution in 
ultra-high vacuum conditions (Giessibl). 

In amplitude modulation, changes in the oscillation amplitude or phase provide the 
feedback signal for imaging. In amplitude modulation, changes in the phase of oscillation 
can be used to discriminate between different types of materials on the surface. Amplitude 
modulation can be operated either in the non-contact or in the intermittent contact regime. 
In ambient conditions, most samples develop a liquid meniscus layer. Because of this, 
keeping the probe tip close enough to the sample for short-range forces to become 
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detectable while preventing the tip from sticking to the surface presents a major hurdle for 
the non-contact dynamic mode in ambient conditions. Dynamic contact mode (also called 
intermittent contact or tapping mode) was developed to bypass this problem (Zhong et al.). 
In dynamic contact mode, the cantilever is oscillated such that the separation distance 
between the cantilever tip and the sample surface is modulated. 

Amplitude modulation has also been used in the non-contact regime to image with atomic 
resolution by using very stiff cantilevers and small amplitudes in an ultra-high vacuum 
environment. 

Tapping Mode 

In tapping mode the cantilever is driven to oscillate 
up and down at near its resonance frequency by a 
small piezoelectric element mounted in the AFM tip 
holder. The amplitude of this oscillation is greater 
than 10 nm, typically 100 to 200 nm. Due to the 
interaction of forces acting on the cantilever when 
the tip comes close to the surface, Van der Waals 
force or dipole-dipole interaction, electrostatic 
forces, etc cause the amplitude of this oscillation to 
decrease as the tip gets closer to the sample. An 
electronic servo uses the piezoelectric actuator to 
control the height of the cantilever above the 
sample. The servo adjusts the height to maintain a 
set cantilever oscillation amplitude as the cantilever 
is scanned over the sample. A Tapping AFM image 
is therefore produced by imaging the force of the 
oscillating contacts of the tip with the sample 
surface. This is an improvement on conventional 
contact AFM, in which the cantilever just drags 
across the surface at constant force and can result in surface damage. Tapping mode is 
gentle enough even for the visualization of supported lipid bilayers or adsorbed single 
polymer molecules (for instance, 0.4 nm thick chains of synthetic polyelectrolytes) under 
liquid medium. At the application of proper scanning parameters, the conformation of 
single molecules remains unchanged for hours (Roiter and Minko, 2005). 

Non-Contact Mode 

Here the tip of the cantilever does not contact the sample surface. The cantilever is instead 
oscillated at a frequency slightly above its resonance frequency where the amplitude of 
oscillation is typically a few nanometers (<10nm). The van der Waals forces, which are 
strongest from lnm to lOnm above the surface, or any other long range force which 
extends above the surface acts to decrease the resonance frequency of the cantilever. This 
decrease in resonance frequency combined with the feedback loop system maintains a 
constant oscillation amplitude or frequency by adjusting the average tip-to-sample distance. 
Measuring the tip-to-sample distance at each (x,y) data point allows the scanning software 
to construct a topographic image of the sample surface. 



r 




pH 4.24 

Single polymer chains (0.4 nm thick) 
recorded in a tapping mode under agueous 
media with different pH. Green locations of 
the two-chains-superposition correspond to 
0.8 nm thickness (Roiter and Minko, 2005). 
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Non-contact mode AFM does not suffer from tip or sample degradation effects that are 
sometimes observed after taking numerous scans with contact AFM. This makes 
non-contact AFM preferable to contact AFM for measuring soft samples. In the case of rigid 
samples, contact and non-contact images may look the same. However, if a few monolayers 
of adsorbed fluid are lying on the surface of a rigid sample, the images may look quite 
different. An AFM operating in contact mode will penetrate the liquid layer to image the 
underlying surface, whereas in non-contact mode an AFM will oscillates above the adsorbed 
fluid layer to image both the liquid and surface. 

AFM -Beam Deflection Detection 

Laser light from a solid state diode is reflected off the 
back of the cantilever and collected by a position 
sensitive detector (PSD) consisting of two closely 
spaced photodiodes whose output signal is collected by 
a differential amplifier. Angular displacement of 
cantilever results in one photodiode collecting more 
light than the other photodiode, producing an output 
signal (the difference between the photodiode signals 
normalized by their sum) which is proportional to the 
deflection of the cantilever. It detects cantilever 
deflections <lA (thermal noise limited). A long beam path (several cm) amplifies changes in 
beam angle. 



Force spectroscopy 

Another major application of AFM (besides imaging) is 
force spectroscopy, the measurement of force-distance 
curves. For this method, the AFM tip is extended 
towards and retracted from the surface as the static 
deflection of the cantilever is monitored as a function of 
piezoelectric displacement. These measurements have 
been used to measure nanoscale contacts, atomic 
bonding, Van der Waals forces, and Casimir forces, 
dissolution forces in liquids and single molecule stretching and rupture forces (Hinterdorfer 
& Dufrene). Forces of the order of a few pico-Newton can now be routinely measured with a 
vertical distance resolution of better than 0.1 nanometer. 

Problems with the technique include no direct measurement of the tip-sample separation 
and the common need for low stiffness cantilevers which tend to 'snap' to the surface. The 
snap-in can be reduced by measuring in liquids or by using stiffer cantilevers, but in the 
latter case a more sensitive deflection sensor is needed. By applying a small dither to the 
tip, the stiffness (force gradient) of the bond can be measured as well (Hoffmann et al.). 
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Identification of individual surface atoms 



The AFM can be used to image and manipulate atoms 
and structures on a variety of surfaces. The atom at the 
apex of the tip "senses" individual atoms on the 
underlying surface when it forms incipient chemical 
bonds with each atom. Because these chemical 
interactions subtly alter the tip's vibration frequency, 
they can be detected and mapped. 

Physicist Oscar Custance (Osaka University, Graduate 
School of Engineering, Osaka, Japan) and his team used 
this principle to distinguish between atoms of silicon, 
tin and lead on an alloy surface (Nature 2007, 446, 64). 

The trick is to first measure these forces precisely for 
each type of atom expected in the sample. The team 
found that the tip interacted most strongly with silicon 
atoms, and interacted 23% and 41% less strongly with 
tin and lead atoms, respectively. Thus, each different 
type of atom can be identified in the matrix as the tip is moved across the surface. 

Such a technique has been used now in biology and extended recently to cell biology. 
Forces corresponding to (i) the unbinding of receptor ligand couples (ii) unfolding of 
proteins (iii) cell adhesion at single cell scale have been gathered. 




The atoms of a Sodium Chloride crystal 
viewed with an Atomic Force 
Microscope 



Advantages and disadvantages 

The AFM has several advantages over the scanning 
electron microscope (SEM). Unlike the electron 
microscope which provides a two-dimensional 
projection or a two-dimensional image of a sample, the 
AFM provides a true three-dimensional surface profile. 
Additionally, samples viewed by AFM do not require 
any special treatments (such as metal/carbon coatings) 
that would irreversibly change or damage the sample. 
While an electron microscope needs an expensive 
vacuum environment for proper operation, most AFM 
modes can work perfectly well in ambient air or even a 
liquid environment. This makes it possible to study 
biological macromolecules and even living organisms. In principle, AFM can provide higher 
resolution than SEM. It has been shown to give true atomic resolution in ultra-high vacuum 
(UHV) and, more recently, in liquid environments. High resolution AFM is comparable in 
resolution to Scanning Tunneling Microscopy and Transmission Electron Microscopy. 

A disadvantage of AFM compared with the scanning electron microscope (SEM) is the 
image size. The SEM can image an area on the order of millimetres by millimetres with a 
depth of field on the order of millimetres. The AFM can only image a maximum height on 
the order of micrometres and a maximum scanning area of around 150 by 150 micrometres. 




The first Atomic Force Microscope 
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Another inconvenience is that an incorrect choice of tip for the required resolution can lead 
to image artifacts. Traditionally the AFM could not scan images as fast as an SEM, 
requiring several minutes for a typical scan, while a SEM is capable of scanning at near 
real-time (although at relatively low quality) after the chamber is evacuated. The relatively 
slow rate of scanning during AFM imaging often leads to thermal drift in the image 
(Lapshin, 2004, 2007), making the AFM microscope less suited for measuring accurate 
distances between artifacts on the image. However, several fast-acting designs were 
suggested to increase microscope scanning productivity (Lapshin and Obyedkov, 1993) 
including what is being termed videoAFM (reasonable quality images are being obtained 
with videoAFM at video rate - faster than the average SEM). To eliminate image distortions 
induced by thermodrift, several methods were also proposed (Lapshin, 2004, 2007). 

AFM images can also be affected by hysteresis of the piezoelectric material (Lapshin, 1995) 
and cross-talk between the (x,y,z) axes that may require software enhancement and 
filtering. Such filtering could "flatten" out real topographical features. However, newer 
AFM use real-time correction software (for example, feature-oriented scanning, Lapshin, 
2004, 2007) or closed-loop scanners which practically eliminate these problems. Some AFM 
also use separated orthogonal scanners (as opposed to a single tube) which also serve to 
eliminate cross-talk problems. 

Due to the nature of AFM probes, they cannot normally measure steep walls or overhangs. 
Specially made cantilevers can be modulated sideways as well as up and down (as with 
dynamic contact and non-contact modes) to measure sidewalls, at the cost of more 
expensive cantilevers and additional artifacts. 



Piezoelectric Scanners 



Typical scanner piezo tube and X-Y-Z configurations AC Signals applied to conductive areas of 
the tube create piezo movement along the three major axes 



AFM scanners are made from piezoelectric material, which expands and contracts 
proportionally to an applied voltage. Whether they elongate or contract depends upon the 
polarity of the voltage applied. The scanner is constructed by combining independently 
operated piezo electrodes for X, Y, & Z into a single tube, forming a scanner which can 
manipulate samples and probes with extreme precision in 3 dimensions. 

Scanners are characterized by their sensitivity which is 
the ratio of piezo movement to piezo voltage, i.e. by 
how much the piezo material extends or contracts per 
applied volt. Because of differences in material or size, 
the sensitivity varies from scanner to scanner. 

Sensitivity varies non-linearly with respect to scan size. 
Piezo scanners exhibit more sensitivity at the end than 
at the beginning of a scan. This causes the forward and 
reverse scans to behave differently and display 
hysteresis between the two scan directions. This can be 
corrected by applying a non-linear voltage to the piezo 

electrodes to cause linear scanner movement and calibrating the scanner accordingly. 

The sensitivity of piezoelectric materials decreases exponentially with time. This causes 
most of the change in sensitivity to occur in the initial stages of the scanner's life. 
Piezoelectric scanners are run for approximately 48 hours before they are shipped from the 
factory so that they are past the point where we can expect large changes in sensitivity. As 
the scanner ages, the sensitivity will change less with time and the scanner would seldom 





AC voltages applied to the different electrodes of the piezoelectric scanner produce a scanning 
raster motion in X and Y There are two segments of the piezoelectric crystal for X (X & X) and Y 

(Y&Y). 

Piezoelectric Scanner 
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require recalibration. 

See also 

• Interfacial force microscope 

• Friction force microscope 

• Scanning tunneling microscope 

• Scanning probe microscopy 

• Scanning voltage microscopy 
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Scanning probe microscope 

1. REDIRECT Scanning probe microscopy 

2D-FT NMRI and Spectroscopy 

2D-FT Nuclear magnetic resonance imaging (2D-FT NMRI), or Two-dimensional 
Fourier transform nuclear magnetic resonance imaging (NMRI), is primarily a 
non— invasive imaging technique most commonly used in biomedical research and medical 
radiology/nuclear medicine/MRI to visualize structures and functions of the living systems 
and single cells. For example it can provides fairly detailed images of a human body in any 
selected cross-sectional plane, such as longitudinal, transversal, sagital, etc. The basic 
NMR phenomenon or physical principle^ is essentially the same in N(MRI), nuclear 
magnetic resonance/FT (NMR) spectroscopy, topical NMR, or even in Electron Spin 
Resonance /EPR; however, the details are significantly different at present for EPR, as only 
in the early days of NMR the static magnetic field was scanned for obtaining spectra, as it 
is still the case in many EPR or ESR spectrometers. NMRI, on the other hand, often utilizes 
a linear magnetic field gradient to obtain an image that combines the visualization of 
molecular structure and dynamics. It is this dynamic aspect of NMRI, as well as its highest 
sensitivity for the H nucleus that distinguishes it very dramatically from X-ray CAT 
scanning that 'misses' hydrogens because of their very low X-ray scattering factor. 

Thus, NMRI provides much greater contrast especially for the different soft tissues of the 
body than computed tomography (CT) as its most sensitive option observes the nuclear spin 
distribution and dynamics of highly mobile molecules that contain the naturally abundant, 
stable hydrogen isotope H as in plasma water molecules, blood, disolved metabolites and 
fats. This approach makes it most useful in cardiovascular, oncological (cancer), 
neurological (brain), musculoskeletal, and cartilage imaging. Unlike CT, it uses no ionizing 
radiation, and also unlike nuclear imaging it does not employ any radioactive isotopes. 
Some of the first MRI images reported were published in 1973^ and the first study 
performed on a human took place on July 3, 1977 J 3 ^ Earlier papers were also published by 
Sir Peter Mansfield [4] in UK (Nobel Laureate in 2003), and R. Damadian in the USA [5] , 
(together with an approved patent for 'fonar', or magnetic imaging). The detailed physical 
theory of NMRI was published by Peter Mansfield in 1973^ . Unpublished 'high-resolution' 
(50 micron resolution) images of other living systems, such as hydrated wheat grains, were 
also obtained and communicated in UK in 1977-1979, and were subsequently confirmed by 
articles published in Nature by Peter Callaghan. 
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NMR Principle 



Certain nuclei such as H 
nuclei, or "fermions 1 have 
spin-1/2, because there are 
two spin states, referred to as 
"up" and "down" states. The 
nuclear magnetic resonance 
absorption phenomenon 
occurs when samples 
containing such nuclear spins 
are placed in a static magnetic 
field and a very short 
radiofrequency pulse is 
applied with a center, or 
carrier, frequency matching 
that of the transition between 
the up and down states of the 

spin-1/2 H nuclei that were polarized by the static magnetic field. L J Very low field 
schemes have also been recently reported J 8 ^ 



m 




Advanced 4.7 T clinical diagnostics and biomedical research NMR 
Imaging instrument. 



Chemical Shifts 

NMR is a very useful family of techniques for chemical and biochemical research because 
of the chemical shift; this effect consists in a frequency shift of the nuclear magnetic 
resonance for specific chemical groups or atoms as a result of the partial shielding of the 
corresponding nuclei from the applied, static external magnetic field by the electron 
orbitals (or molecular orbitals) surrounding such nuclei present in the chemical groups. 
Thus, the higher the electron density surrounding a specific nucleus the larger the chemical 
shift will be. The resulting magnetic field at the nucleus is thus lower than the applied 
external magnetic field and the resonance frequencies observed as a result of such 
shielding are lower than the value that would be observed in the absence of any electronic 
orbital shielding. Furthermore, in order to obtain a chemical shift value independent of the 
strength of the applied magnetic field and allow for the direct comparison of spectra 
obtained at different magnetic field values, the chemical shift is defined by the ratio of the 
strength of the local magnetic field value at the observed (electron orbital-shielded) nucleus 
by the external magnetic field strength, H, / H . The first NMR observations of the 

lOC U i n 

chemical shift, with the correct physical chemistry interpretation, were reported for F 
containing compounds in the early 1950s by Herbert S. Gutowsky and Charles P. Slichter 
from the University of Illinois at Urbana (USA). 

A related effect in metals is called the Knight shift, which is due only to the conduction 
electrons. Such conduction electrons present in metals induce an "additional" local field at 
the nuclear site, due to the spin re-orientation of the conduction electrons in the presence 
of the applied (constant), external magnetic field. This is only broadly N similar' to the 
chemical shift in either solutions or diamagnetic solids. 
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NMR Imaging Principles 

A number of methods have been devised for combining magnetic field gradients and 
radiofrequency pulsed excitation to obtain an image. Two major maethods involve either 2D 
-FT or 3D-FT^ reconstruction from projections, somewhat similar to Computed 
Tomography, with the exception of the image interpretation that in the former case must 
include dynamic and relaxation/contrast enhancement information as well. Other schemes 
involve building the NMR image either point-by-point or line-by-line. Some schemes use 
instead gradients in the rf field rather than in the static magnetic field. The majority of 
NMR images routinely obtained are either by the Two-Dimensional Fourier Transform 
(2D-FT) technique ^ 10 ^ (with slice selection), or by the Three-Dimensional Fourier Transform 
(3D— FT) techniques that are however much more time consuming at present. 2D-FT NMRI 
is sometime called in common parlance a "spin-warp". An NMR image corresponds to a 
spectrum consisting of a number of "spatial frequencies' at different locations in the sample 
investigated, or in a patientJ 11 ^ A two-dimensional Fourier transformation of such a "real" 
image may be considered as a representation of such "real waves" by a matrix of spatial 
frequencies known as the k-space. We shall see next in some mathematical detail how the 
2D-FT computation works to obtain 2D-FT NMR images. 

Two-dimensional Fourier transform imaging and 
spectroscopy 

A two-dimensional Fourier transform (2D-FT) is computed numerically or carried out in two 
stages, both involving "standard 1 , one-dimensional Fourier transforms. However, the 
second stage Fourier transform is not the inverse Fourier transform (which would result in 
the original function that was transformed at the first stage), but a Fourier transform in a 
second variable— which is "shifted 1 in value— relative to that involved in the result of the 
first Fourier transform. Such 2D-FT analysis is a very powerful method for both NMRI and 
two-dimensional nuclear magnetic resonance spectroscopy (2D-FT NMRS)^ 12 ^ that allows 
the three-dimensional reconstruction of polymer and biopolymer structures at atomic 
resolutions 13 ^ for molecular weights (Mw) of dissolved biopolymers in aqueous solutions 
(for example) up to about 50,000 Mw. For larger biopolymers or polymers, more complex 
methods have been developed to obtain limited structural resolution needed for partial 
3D-reconstructions of higher molecular structures, e.g. for up 900,000 Mw or even oriented 
microcrystals in aqueous suspensions or single crystals; such methods have also been 
reported for in vivo 2D-FT NMR spectroscopic studies of algae, bacteria, yeast and certain 
mammalian cells, including human ones. The 2D-FT method is also widely utilized in optical 
spectroscopy, such as 2D-FT NIR hyperspectral imaging (2D-FT NIR-HS), or in MRI 
imaging for research and clinical, diagnostic applications in Medicine. In the latter case, 
2D-FT NIR-HS has recently allowed the identification of single, malignant cancer cells 
surrounded by healthy human breast tissue at about 1 micron resolution, well-beyond the 
resolution obtainable by 2D-FT NMRI for such systems in the limited time available for such 
diagnostic investigations (and also in magnetic fields up to the FDA approved magnetic 
field strength H Q of 4.7 T, as shown in the top image of the state-of-the-art NMRI 
instrument). A more precise mathematical definition of the "double 1 (2D) Fourier transform 
involved in both 2D NMRI and 2D-FT NMRS is specified next, and a precise example 
follows this generally accepted definition. 
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2D- FT Definition 

A 2D-FT, or two-dimensional Fourier transform, is a standard Fourier transformation of a 
function of two variables, f(x r x 2 ), carried first in the first variable followed by the 
Fourier transform in the second variable x 2 of the resulting function F(s 1 ,x 2 ). Note that in 
the case of both 2D-FT NMRI and 2D-FT NMRS the two independent variables in this 
definition are in the time domain, whereas the results of the two successive Fourier 
transforms have, of course, frequencies as the independent variable in the NMRS, and 
ultimately spatial coordinates for both 2D NMRI and 2D-FT NMRS following computer 
structural recontructions based on special algorithms that are different from FT or 2D-FT. 
Moreover, such structural algorithms are different for 2D NMRI and 2D-FT NMRS: in the 
former case they involve macroscopic, or anatomical structure detrmination, whereas in the 
latter case of 2D-FT NMRS the atomic structure reconstruction algorithms are based on the 
quantum theory of a microphysical (quantum) process such as nuclear Overhauser 
enhancement NOE, or specific magnetic dipole-dipole interactions^ 14 ^ between neighbor 
nuclei. 

Example 1 

A 2D Fourier transformation and phase correction is applied to a set of 2D NMR (FID) 
signals: s(t x ,t 2 ) yielding a real 2D-FT NMR 'spectrum' (collection of ID FT-NMR spectra) 
represented by a matrix S whose elements are 

S (1/1,1*2) = Re // ™5(/y^i)ea:p c " ii/2i2) 5(t 1? t 2 )^i^ 2 

where : and : ;/ 2 denote the discrete indirect double-quantum and 

single-quantum(detection) axes, respectively, in the 2D NMR experiments. Next, the 
covariance matrix is calculated in the frequency domain according to the following equation 

c (j4,v 2 ) = s t s = Y\s{v u v' 2 )s{w 2 )], with . ^ taking all possible 

single-quantum frequency values and with the summation carried out over all discrete, 
double quantum frequencies : 7y i . 

Example 2 

Atomic Structure from 2D-FT STEM Images ^ 15 ^ of electron distributions in a 
high-temperature cuprate superconductor "paracrystal 1 reveal both the domains (or 
"location 1 ) and the local symmetry of the 'pseudo-gap' in the electron-pair correlation band 
responsible for the high— temperature superconductivity effect (obtained at Cornell 
University). So far there have been three Nobel prizes awarded for 2D-FT NMR/MRI during 
1992-2003, and an additional, earlier Nobel prize for 2D-FT of X-ray data fCAT scans'); 
recently the advanced possibilities of 2D-FT techniques in Chemistry, Physiology and 
Medicine ^ 16 ^ received very significant recognition^ 17 ^ 

Brief explanation of NMRI diagnostic uses in Pathology 

As an example, a diseased tissue such as a malign tumor, can be detected by 2D-FT NMRI 
because the hydrogen nuclei of molecules in different tissues return to their equilibrium 
spin state at different relaxation rates, and also because of the manner in which a malign 
tumor spreads and grows rapidly along the blood vessels adjacent to the tumor, also 
inducing further vascularization to occur. By changing the pulse delays in the RF pulse 
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sequence employed, and/or the RF pulse sequence itself, one may obtain a 
v relaxation— based contrast 1 , or contrast enhancement between different types of body 
tissue, such as normal vs. diseased tissue cells for example. Excluded from such diagnostic 
observations by NMRI are all patients with ferromagnetic metal implants, (e.g., cochlear 
implants), and all cardiac pacemaker patients who cannot undergo any NMRI scan because 
of the very intense magnetic and RF fields employed in NMRI which would strongly 
interfere with the correct functioning of such pacemakers. It is, however, conceivable that 
future developments may also include along with the NMRI diagnostic treatments with 
special techniques involving applied magnetic fields and very high frequency RF. Already, 
surgery with special tools is being experimented on in the presence of NMR imaging of 
subjects. Thus, NMRI is used to image almost every part of the body, and is especially useful 
for diagnosis in neurological conditions, disorders of the muscles and joints, for evaluating 
tumors, such as in lung or skin cancers, abnormalities in the heart (especially in children 
with hereditary disorders), blood vessels, CAD, atherosclerosis and cardiac infarcts ^ 18 ^ 
(courtesy of Dr. Robert R. Edelman) 

See also 
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• Cardiac Infarct or "heart attack" Imaged in Real Time by 2D-FT NMRI (http://www. 
mr-tip.com/exam_gifs/cardiac_infarct_short_axis_cine_6.gif) 

• Interactive Flash Animation on MRI (http://www.e-mri.org) - Online Magnetic 
Resonance Imaging physics and technique course 

• Herbert S. Gutowsky 

• Jiri Jonas and Charles P. Slichter: NMR Memoires at NAS about Herbert Sander 
Gutowsky; NAS = National Academy of Sciences, USA, (http://books.nap.edu/html/ 
biomems/hgutowsky.pdf) 

• 3D Animation Movie about MRI Exam (http://www.patiencys.com/MRI/) 

• International Society for Magnetic Resonance in Medicine (http://www.ismrm.org) 

• Danger of objects flying into the scanner (http://www.simplyphysics.com/ 
flying_objects.html) 

Related Wikipedia websites 

• Medical imaging 

• Computed tomography 

• Magnetic resonance microscopy 

• Fourier transform spectroscopy 

• FT-NIRS 

• Magnetic resonance elastography 

• Nuclear magnetic resonance (NMR) 

• Chemical shift 

• Relaxation 

• Robinson oscillator 

• Earth's field NMR (EFNMR) 

• Rabi cycle 

This article incorporates material by the original author from 2D-FT MR- Imaging and 
related Nobel awards (http:/ / planetphysics. org/ encyclopedia/ 2DFTImaging. html) on 
PlanetPhysics (http://planetphysics.org/), which is licensed under the GFDL. 
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Version 1.2, November 2002 

Copyright (C) 2000,2001,2002 Free Software Foundation, Inc. 
51 Franklin St, Fifth Floor, Boston, MA 02110-1301 USA 
Everyone is permitted to copy and distribute verbatim copies 
of this license document, but changing it is not allowed. 

0. PREAMBLE 

The purpose of this License is to make a manual, textbook, or other functional and useful document "free" in the sense of freedom: to assure everyone 
the effective freedom to copy and redistribute it, with or without modifying it, either commercially or noncommercially. Secondarily, this License 
preserves for the author and publisher a way to get credit for their work, while not being considered responsible for modifications made by others. 
This License is a kind of "copyleft", which means that derivative works of the document must themselves be free in the same sense. It complements the 
GNU General Public License, which is a copyleft license designed for free software. 

We have designed this License in order to use it for manuals for free software, because free software needs free documentation: a free program should 
come with manuals providing the same freedoms that the software does. But this License is not limited to software manuals; it can be used for any 
textual work, regardless of subject matter or whether it is published as a printed book. We recommend this License principally for works whose purpose 
is instruction or reference. 

1. APPLICABILITY AND DEFINITIONS 

This License applies to any manual or other work, in any medium, that contains a notice placed by the copyright holder saying it can be distributed under 
the terms of this License. Such a notice grants a world-wide, royalty-free license, unlimited in duration, to use that work under the conditions stated 
herein. The "Document", below, refers to any such manual or work. Any member of the public is a licensee, and is addressed as "you". You accept the 
license if you copy, modify or distribute the work in a way reguiring permission under copyright law. 

A "Modified Version" of the Document means any work containing the Document or a portion of it, either copied verbatim, or with modifications and/or 
translated into another language. 

A "Secondary Section" is a named appendix or a front-matter section of the Document that deals exclusively with the relationship of the publishers or 
authors of the Document to the Document's overall subject (or to related matters) and contains nothing that could fall directly within that overall subject. 
(Thus, if the Document is in part a textbook of mathematics, a Secondary Section may not explain any mathematics.) The relationship could be a matter 
of historical connection with the subject or with related matters, or of legal, commercial, philosophical, ethical or political position regarding them. 
The "Invariant Sections" are certain Secondary Sections whose titles are designated, as being those of Invariant Sections, in the notice that says that the 
Document is released under this License. If a section does not fit the above definition of Secondary then it is not allowed to be designated as Invariant. 
The Document may contain zero Invariant Sections. If the Document does not identify any Invariant Sections then there are none. 

The "Cover Texts" are certain short passages of text that are listed, as Front-Cover Texts or Back-Cover Texts, in the notice that says that the Document 
is released under this License. A Front-Cover Text may be at most 5 words, and a Back-Cover Text may be at most 25 words. 

A "Transparent" copy of the Document means a machine-readable copy, represented in a format whose specification is available to the general public, 
that is suitable for revising the document straightforwardly with generic text editors or (for images composed of pixels) generic paint programs or (for 
drawings) some widely available drawing editor, and that is suitable for input to text formatters or for automatic translation to a variety of formats 
suitable for input to text formatters. A copy made in an otherwise Transparent file format whose markup, or absence of markup, has been arranged to 
thwart or discourage subseguent modification by readers is not Transparent. An image format is not Transparent if used for any substantial amount of 
text. A copy that is not "Transparent" is called "Opague". 

Examples of suitable formats for Transparent copies include plain ASCII without markup, Texinfo input format, LaTeX input format, SGML or XML using 
a publicly available DTD, and standard-conforming simple HTML, PostScript or PDF designed for human modification. Examples of transparent image 
formats include PNG, XCF and JPG. Opague formats include proprietary formats that can be read and edited only by proprietary word processors, SGML 
or XML for which the DTD and/or processing tools are not generally available, and the machine-generated HTML, PostScript or PDF produced by some 
word processors for output purposes only. 

The "Title Page" means, for a printed book, the title page itself, plus such following pages as are needed to hold, legibly, the material this License 
reguires to appear in the title page. For works in formats which do not have any title page as such, "Title Page" means the text near the most prominent 
appearance of the work's title, preceding the beginning of the body of the text. 

A section "Entitled XYZ" means a named subunit of the Document whose title either is precisely XYZ or contains XYZ in parentheses following text that 
translates XYZ in another language. (Here XYZ stands for a specific section name mentioned below, such as "Acknowledgements", "Dedications", 
"Endorsements", or "History".) To "Preserve the Title" of such a section when you modify the Document means that it remains a section "Entitled XYZ" 
according to this definition. 

The Document may include Warranty Disclaimers next to the notice which states that this License applies to the Document. These Warranty Disclaimers 
are considered to be included by reference in this License, but only as regards disclaiming warranties: any other implication that these Warranty 
Disclaimers may have is void and has no effect on the meaning of this License. 

2. VERBATIM COPYING 

You may copy and distribute the Document in any medium, either commercially or noncommercially, provided that this License, the copyright notices, 
and the license notice saying this License applies to the Document are reproduced in all copies, and that you add no other conditions whatsoever to 
those of this License. You may not use technical measures to obstruct or control the reading or further copying of the copies you make or distribute. 
However, you may accept compensation in exchange for copies. If you distribute a large enough number of copies you must also follow the conditions in 
section 3. 

You may also lend copies, under the same conditions stated above, and you may publicly display copies. 

3. COPYING IN QUANTITY 

If you publish printed copies (or copies in media that commonly have printed covers) of the Document, numbering more than 100, and the Document's 
license notice reguires Cover Texts, you must enclose the copies in covers that carry, clearly and legibly, all these Cover Texts: Front-Cover Texts on the 
front cover, and Back-Cover Texts on the back cover. Both covers must also clearly and legibly identify you as the publisher of these copies. The front 
cover must present the full title with all words of the title egually prominent and visible. You may add other material on the covers in addition. Copying 
with changes limited to the covers, as long as they preserve the title of the Document and satisfy these conditions, can be treated as verbatim copying in 
other respects. 

If the reguired texts for either cover are too voluminous to fit legibly, you should put the first ones listed (as many as fit reasonably) on the actual cover, 
and continue the rest onto adjacent pages. 

If you publish or distribute Opague copies of the Document numbering more than 100, you must either include a machine-readable Transparent copy 
along with each Opague copy, or state in or with each Opague copy a computer-network location from which the general network-using public has 
access to download using public-standard network protocols a complete Transparent copy of the Document, free of added material. If you use the latter 
option, you must take reasonably prudent steps, when you begin distribution of Opague copies in guantity, to ensure that this Transparent copy will 
remain thus accessible at the stated location until at least one year after the last time you distribute an Opague copy (directly or through your agents or 
retailers) of that edition to the public. 

It is reguested, but not reguired, that you contact the authors of the Document well before redistributing any large number of copies, to give them a 
chance to provide you with an updated version of the Document. 

4. MODIFICATIONS 

You may copy and distribute a Modified Version of the Document under the conditions of sections 2 and 3 above, provided that you release the Modified 
Version under precisely this License, with the Modified Version filling the role of the Document, thus licensing distribution and modification of the 
Modified Version to whoever possesses a copy of it. In addition, you must do these things in the Modified Version: 

1. Use in the Title Page (and on the covers, if any) a title distinct from that of the Document, and from those of previous versions (which should, if there 
were any, be listed in the History section of the Document). You may use the same title as a previous version if the original publisher of that version 
gives permission. 

2. List on the Title Page, as authors, one or more persons or entities responsible for authorship of the modifications in the Modified Version, together 
with at least five of the principal authors of the Document (all of its principal authors, if it has fewer than five), unless they release you from this 
reguirement. 

3. State on the Title page the name of the publisher of the Modified Version, as the publisher. 

4. Preserve all the copyright notices of the Document. 

5. Add an appropriate copyright notice for your modifications adjacent to the other copyright notices. 
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6. Include, immediately after the copyright notices, a license notice giving the public permission to use the Modified Version under the terms of this 
License, in the form shown in the Addendum below. 

7. Preserve in that license notice the full lists of Invariant Sections and reguired Cover Texts given in the Document's license notice. 

8. Include an unaltered copy of this License. 

9. Preserve the section Entitled "History", Preserve its Title, and add to it an item stating at least the title, year, new authors, and publisher of the 
Modified Version as given on the Title Page. If there is no section Entitled "History" in the Document, create one stating the title, year, authors, and 
publisher of the Document as given on its Title Page, then add an item describing the Modified Version as stated in the previous sentence. 

10. Preserve the network location, if any, given in the Document for public access to a Transparent copy of the Document, and likewise the network 
locations given in the Document for previous versions it was based on. These may be placed in the "History" section. You may omit a network 
location for a work that was published at least four years before the Document itself, or if the original publisher of the version it refers to gives 
permission. 

11. For any section Entitled "Acknowledgements" or "Dedications", Preserve the Title of the section, and preserve in the section all the substance and 
tone of each of the contributor acknowledgements and/or dedications given therein. 

12. Preserve all the Invariant Sections of the Document, unaltered in their text and in their titles. Section numbers or the eguivalent are not considered 
part of the section titles. 

13. Delete any section Entitled "Endorsements". Such a section may not be included in the Modified Version. 

14. Do not retitle any existing section to be Entitled "Endorsements" or to conflict in title with any Invariant Section. 

15. Preserve any Warranty Disclaimers. 

If the Modified Version includes new front-matter sections or appendices that gualify as Secondary Sections and contain no material copied from the 
Document, you may at your option designate some or all of these sections as invariant. To do this, add their titles to the list of Invariant Sections in the 
Modified Version's license notice. These titles must be distinct from any other section titles. 

You may add a section Entitled "Endorsements", provided it contains nothing but endorsements of your Modified Version by various parties-for example, 
statements of peer review or that the text has been approved by an organization as the authoritative definition of a standard. 

You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25 words as a Back-Cover Text, to the end of the list of Cover 
Texts in the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover Text may be added by (or through arrangements made by) 
any one entity. If the Document already includes a cover text for the same cover, previously added by you or by arrangement made by the same entity 
you are acting on behalf of, you may not add another; but you may replace the old one, on explicit permission from the previous publisher that added the 
old one. 

The author(s) and publisher(s) of the Document do not by this License give permission to use their names for publicity for or to assert or imply 
endorsement of any Modified Version. 

5. COMBINING DOCUMENTS 

You may combine the Document with other documents released under this License, under the terms defined in section 4 above for modified versions, 
provided that you include in the combination all of the Invariant Sections of all of the original documents, unmodified, and list them all as Invariant 
Sections of your combined work in its license notice, and that you preserve all their Warranty Disclaimers. 

The combined work need only contain one copy of this License, and multiple identical Invariant Sections may be replaced with a single copy. If there are 
multiple Invariant Sections with the same name but different contents, make the title of each such section unigue by adding at the end of it, in 
parentheses, the name of the original author or publisher of that section if known, or else a unigue number. Make the same adjustment to the section 
titles in the list of Invariant Sections in the license notice of the combined work. 

In the combination, you must combine any sections Entitled "History" in the various original documents, forming one section Entitled "History"; likewise 
combine any sections Entitled "Acknowledgements", and any sections Entitled "Dedications". You must delete all sections Entitled "Endorsements." 

6. COLLECTIONS OF DOCUMENTS 

You may make a collection consisting of the Document and other documents released under this License, and replace the individual copies of this 
License in the various documents with a single copy that is included in the collection, provided that you follow the rules of this License for verbatim 
copying of each of the documents in all other respects. 

You may extract a single document from such a collection, and distribute it individually under this License, provided you insert a copy of this License into 
the extracted document, and follow this License in all other respects regarding verbatim copying of that document. 

7. AGGREGATION WITH INDEPENDENT WORKS 

A compilation of the Document or its derivatives with other separate and independent documents or works, in or on a volume of a storage or distribution 
medium, is called an "aggregate" if the copyright resulting from the compilation is not used to limit the legal rights of the compilation's users beyond 
what the individual works permit. When the Document is included in an aggregate, this License does not apply to the other works in the aggregate which 
are not themselves derivative works of the Document. 

If the Cover Text reguirement of section 3 is applicable to these copies of the Document, then if the Document is less than one half of the entire 
aggregate, the Document's Cover Texts may be placed on covers that bracket the Document within the aggregate, or the electronic eguivalent of covers 
if the Document is in electronic form. Otherwise they must appear on printed covers that bracket the whole aggregate. 

8. TRANSLATION 

Translation is considered a kind of modification, so you may distribute translations of the Document under the terms of section 4. Replacing Invariant 
Sections with translations reguires special permission from their copyright holders, but you may include translations of some or all Invariant Sections in 
addition to the original versions of these Invariant Sections. You may include a translation of this License, and all the license notices in the Document, 
and any Warranty Disclaimers, provided that you also include the original English version of this License and the original versions of those notices and 
disclaimers. In case of a disagreement between the translation and the original version of this License or a notice or disclaimer, the original version will 
prevail. 

If a section in the Document is Entitled "Acknowledgements", "Dedications", or "History", the reguirement (section 4) to Preserve its Title (section 1) will 
typically reguire changing the actual title. 

9. TERMINATION 

You may not copy, modify, sublicense, or distribute the Document except as expressly provided for under this License. Any other attempt to copy, modify, 
sublicense or distribute the Document is void, and will automatically terminate your rights under this License. However, parties who have received 
copies, or rights, from you under this License will not have their licenses terminated so long as such parties remain in full compliance. 

10. FUTURE REVISIONS OF THIS LICENSE 

The Free Software Foundation may publish new, revised versions of the GNU Free Documentation License from time to time. Such new versions will be 
similar in spirit to the present version, but may differ in detail to address new problems or concerns. See http://www.gnu.org/copyleft/. 
Each version of the License is given a distinguishing version number. If the Document specifies that a particular numbered version of this License "or 
any later version" applies to it, you have the option of following the terms and conditions either of that specified version or of any later version that has 
been published (not as a draft) by the Free Software Foundation. If the Document does not specify a version number of this License, you may choose any 
version ever published (not as a draft) by the Free Software Foundation. 

How to use this License for your documents 

To use this License in a document you have written, include a copy of the License in the document and put the following copyright and license notices 
just after the title page: 

Copyright (c) YEAR YOUR NAME. 

Permission is granted to copy, distribute and/or modify this document 

under the terms of the GNU Free Documentation License, Version 1.2 

or any later version published by the Free Software Foundation; 

with no Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts. 

A copy of the license is included in the section entitled "GNU 

Free Documentation License". 
If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the "with... Texts." line with this: 

with the Invariant Sections being LIST THEIR TITLES, with the 

Front-Cover Texts being LIST, and with the Back-Cover Texts being LIST. 
If you have Invariant Sections without Cover Texts, or some other combination of the three, merge those two alternatives to suit the situation. 
If your document contains nontrivial examples of program code, we recommend releasing these examples in parallel under your choice of free software 
license, such as the GNU General Public License, to permit their use in free software. 



